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A B S T R A C T
This PhD thesis is devoted to the study of the nebulae ejected by the
luminous blue variable (LBV) stars WRAY 15-751 and AG Car as well
as by the Wolf-Rayet star WR 124. It is based on new infrared data
taken by the Herschel Space Observatory. These data were comple-
mented by optical data as well as by archived infrared observations.
In the first chapter, a general introduction to the subject is given
along with a description of the methods used for the data analysis.
The three following chapters contain the study of each one of the
three nebulae separately. This led to the determination of the physical
parameters of the dust and gas components, with the aim to shed a
new light on the mass-loss history of the central stars.
In particular, the new Herschel infrared images provide a detailed
mapping of the nebular dust distribution and of the circumstellar
environment at different scales, revealing multiple shells and cavities
linked to previous mass-loss events. Moreover, the combination of
Herschel photometric results along with archival data was used to
model dust with the help of a two-dimensional publicly available
radiative transfer code. This model provided us with the dust mass,
temperature and composition.
The Herschel infrared spectra of all nebulae revealed forbidden
nebular emission lines coming not only from an ionized gas region
but also from a region where the gas is neutral. Based on the emission
line flux measurements, the gas mass and the abundance ratios were
estimated. These results, combined with the theoretical models of stel-
lar evolution, were then used to constrain the evolutionary stage of
the star at which each nebula was ejected.
This study underlines the importance of the Herschel infrared ob-
servations for these nebulae. Thanks to them, a better understanding
of these objects has been achieved. In particular, a second bigger and
fainter dust shell was discovered around WRAY 15-751. In addition,
all nebulae were found lying in empty cavities, probably formed dur-
ing a previous evolutionary phase of their central star. The dust mod-
els indicated the necessity to include large grains in all nebulae to
reproduce the data. This study showed that for the LBV WRAY 15-
751, with an initial mass of 40 M, the nebular ejection took place
during a red supergiant phase, while for the LBV AG Car, with an
initial stellar mass of 55 M, the ejection happened during a cool
LBV phase. For the nebula M1-67 around the star WR 124, with an
initial mass of 60M, the ejection also took place during a LBV phase.
These results are in agreement with the current evolutionary models
with little stellar rotation.
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R É S U M É
Cette thèse de doctorat est dédiée à l’étude des nébuleuses ejectées
par les étoiles variables lumineuses bleues (LBV) WRAY 15-751 et
AG Car, ainsi que par l’étoile Wolf-Rayet WR 124. Elle est basée sur
des nouvelles données infrarouges obtenues par l’Observatoire Spa-
tial Herschel, complétées par des données optiques et infrarouges
archivées.
Dans le premier chapitre, une introduction générale est donnée
avec une description des méthodes utilisées pour l’analyse des don-
nées. Les trois chapitres suivants se rapportent à l’étude individuelle
de chacune des nébuleuses. Les analyses conduisent à la détermina-
tion des paramètres physiques de la poussière et du gaz qui com-
posent les nébuleuses, ce qui nous éclaire sur l’historique de la perte
de masse par les étoiles centrales.
Ainsi, les images fournies par Herschel fournissent une cartogra-
phie précise de la poussière, et révèlent l’environnement circumste-
laire à différentes échelles, mettant en évidence la présence de cavités
dues à des éjections plus anciennes. De plus, en combinant les résul-
tats photométriques obtenus avec Herschel avec les données archivées,
un modèle de la poussière a été élaboré en utilisant un code de trans-
fert radiatif bidimensionnel disponible publiquement. Cette modéli-
sation nous a fourni la masse, la température et la composition de la
poussière.
Les spectres infrarouges de toutes les nébuleuses ont révélé des
raies en émission interdites ne venant pas seulement de la région du
gaz ionisé mais aussi d’une région où le gaz est neutre. Sur base des
mesures de flux des raies en émission, la masse du gaz et les rapports
des abondances ont été estimés. Ces résultats, couplés aux modèles
théoriques d’évolution stellaire, ont été utilisés pour contraindre le
stade évolutif de l’étoile au moment où la nébuleuse a été éjectée.
Cette étude souligne l’importance des observations de ces nébuleu-
ses réalisées avec Herschel. Grâce à elles, une meilleure compréhen-
sion de ces objets a été obtenue. Notamment, une seconde nébuleuse
de poussière, plus large et plus faible a été découverte autour de
WRAY 15-751. Toutes les nébuleuses ont été observées dans des cav-
ités vides, probablement formées pendant une phase évolutive précé-
dente des étoiles centrales. Les modèles d’émission de la poussière
ont indiqué la nécessité d’inclure des gros grains pour reproduire les
données. Notre étude a montré que pour la LBV WRAY 15-751, avec
une masse initiale de 40 M, l’éjection de la nébuleuse a eu lieu pen-
dant la phase de supergéante rouge, tandis que pour la LBV AG Car,
avec une masse initiale de 55 M, l’éjection s’est passée pendant la
xv
phase LBV froide. Pour la nébuleuse M1-67 autour l’étoile WR 124,
avec une masse initiale de 60 M, l’éjection a aussi eu lieu pendant
la phase LBV. Ces résultats sont en accord avec les modèles actuels
d’évolution stellaire incluant peu de rotation stellaire.
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Part I
I N T R O D U C T I O N , D A T A A N D M E T H O D S

1
I N T R O D U C T I O N
In the first part of this introductory chapter, the group of the mas-
sive evolved star is presented and more particularly the subgroups of
Luminous Blue Variable (LBV) and Wolf-Rayet (WR) stars, since two of
the three nebulae analyzed in this study are located around a LBV star
and the third one surrounds a WR star. The basic characteristics and
physical properties of these stars are given, followed by an overview
of open questions concerning these stellar evolutionary stages.
In the second part, our scientific project that is based on Her-
schel data is presented. Firstly, the Herschel guaranteed time key pro-
gramme Mass-loss of Evolved StarS (MESS) is described and secondly
our project that is more specifically dedicated to the study of massive
evolved stars is presented.
In the third part, the infrared and optical photometric and spec-
troscopic observations of the nebulae together with the reduction pro-
cedures are presented. The Herschel Space Observatory mission is de-
scribed along with two of the three onboard instruments which were
used for the infrared observations, followed by a presentation of the
observing modes and the data reduction steps for the infrared imag-
ing and spectroscopy of the three nebulae discussed in this study. In
addition, the optical instruments used for the imaging of the nebulae
are presented along with their specific data reduction procedures.
In the last part, the methods used for data analysis are presented.
Since this study is based on infrared and optical observations, the
data gives information on the dust and the gas that together form the
nebulae. The dust nebula modeling is discussed first. The publicly
available radiative transfer code 2-Dust used for the dust modeling is
presented. After, the tools for the analysis of the ionized gas emission
are presented, followed by the tools for the analysis of the neutral gas
emission. Finally, a description of the method to constrain the evolu-
tionary path of the central star and the epoch at which the nebula
was ejected is given. It is based on the available information obtained
from the data analysis and on the current theoretical models of stellar
evolution.
3
4 introduction
1.1 massive stars
A star is considered to be massive when it has an initial mass higher
than about 8 M at a solar metallicity. At the Zero Age Main Sequence
(ZAMS), it is an O-type or B-type star and, depending on its initial
mass and rotation, it can end its life as Red Super Giant (RSG), Yellow
Hyper Giant (YHG), LBV or WR star (Groh et al. 2013 [43]) that are all
core-collapse SuperNova (SN) progenitors.
Massive stars are rare in the Universe in comparison to the num-
ber of stars with lower masses, because of the steepness of the ini-
tial mass function that describes the rate of star formation as a func-
tion the stellar mass (Salpeter 1955 [122]; Miller & Scalo 1979 [93];
Chabrier 2003 [13]) and because of their short lifetime of some mil-
lion years. However, despite their rarity, massive stars have a crucial
role in astrophysics and their study is extremely important.
Massive stars are important sources of chemical enrichment of the
interstellar medium because only in their cores the temperature and
pressure reach values high enough for the carbon fusion to begin.
Moreover, important amount of dust that contributes significantly to
the enrichment of the interstellar medium with metals is produced
not only during SN explosions but also during LBV eruptions, where
large dust grains can be formed (Kochanek 2011 [69], 2014 [70]). This
enriched material is then spread into the interstellar medium in the
form of gas and dust through strong stellar winds, through episodes
of extreme mass-loss at the late stages of their evolution and through
the powerful SN explosions at the very end of their lifetime.
In addition, massive stars largely contribute to the total radiation
of their host galaxies, to the ionization of their surrounding inter-
stellar medium by ultra-violet photons and to the infrared emission
through the heating of the dust. Furthermore, massive stars interact
with the interstellar medium. Their strong stellar winds, which in-
ject huge amounts of mechanical energy into the interstellar medium,
can form wind-blown bubbles, while episodes of extreme mass-loss,
like the outbursts during a LBV phase, can form nebulae around the
stars. Depending on the stellar motion, these bubbles and nebulae
can form bow shocks. Consequently, the study of the circumstellar
environments is crucial for understanding the mass-loss history and
the evolution of massive stars.
In this thesis, the study of three nebulae, two around LBVs and
one around a WR star, is presented. The main aim is to shed light
on the formation process of the nebulae as well as on the mass-loss
history and the evolutionary stage of the central star at that time.
This is achieved by precisely calculating the parameters of the gas
(density, abundances, mass) and the dust (temperature, mass, com-
position) components of the nebulae based on new sensitive infrared
data combined with archival data and optical observations.
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Figure 1.1: The location of the most luminous stars in the HR diagram. The
dashed lines represent the transition of the LBV stars from the
quiescence, the minimum hot phase, to the eruption, the max-
imum cool phase. Luminous cool hypergiants are also plotted.
The solid line represents the empirical upper luminosity limit.
Image reproduced from Humphreys and Davidson (1994 [117]).
1.1.1 Luminous blue variables
Conti (1984 [19]) used the term “luminous blue variable” LBV for
the first time to refer to hot luminous massive variable stars that
are evolved but are not WR stars. According to current evolutionary
scenarios (Maeder & Meynet 2010 [79]), LBV represent a short stage
(∼ 104 − 105 yr) in the evolutionary path of an early-type O star with
initial mass > 30 M that evolves to a WR star by losing a significant
fraction of its initial mass. The mass is lost through the stellar wind
and through episodes of extreme mass-loss during an intermediate
phase of the star, like the LBV outbursts. The number of stellar objects
that have been confirmed to be LBV stars is quite small in the Milky
Way and the nearby galaxies. This is explained by the short duration
of this evolutionary phase. The most well known galactic LBV stars
are η Carinae and P Cygni.
These unstable transition objects, also known as S Doradus vari-
able stars, are located in the upper left part of the Hertzsprung-Russell
(HR) diagram, although some of them undergo occasional excursions
to the right during their outbursts (Fig. 1.1). They have the follow-
ing characteristics: a) high luminosity, ∼ 106 L, close to the Edding-
ton limit (Maeder & Conti 1994 [78]; Humphreys & Davidson 1994
[117]) which is an upper limit of the luminosity to mass ratio in the
HR diagram, and some times above the Humphreys-Davidson limit
(Humphreys and Davidson 1979 [57]) that is the limit above which
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a massive star becomes unstable and high mass-loss episodes take
place (Fig. 1.1); b) high mass-loss rates, from ∼ 10−5 to 10−4 M yr−1
(Humphreys & Davidson 1994 [117]; Smith et al. 2004 [135]; Groh et
al. 2009 [41]); and c) photometric variability, with amplitudes from
∼ 0.1 mag that correspond to small oscillations up to > 2 mag that
correspond to giant LBV eruptions, like P Cygni in the 17th century
and η Carinae in the 19th century. The smaller variations may be su-
perposed to the larger ones.
Eruptions of 1− 2mag, in the visual, with a timescale of 10− 40 yr,
detected as a visual brightening due to the maximum luminosity shift
from the ultra-violet to visual wavelengths (Humphreys & Davidson
1994 [117]; Smith 2014 [134]), constitute the so-called S Dor phase of
a LBV star (van Genderen [159]). During the quiescent or minimum
(i.e., minimum V brightness) hot phase, LBVs have temperatures from
12 000 to 30 000 K, with the hottest being the most luminous. In
this case they display spectra of hot supergiants or Of/WN9 stars,
depending on their luminosity (Humphreys & Davidson 1994 [117];
Smith et al. 2004 [135]; Smith 2014 [134]). In the maximum, cool phase,
they all have temperatures of ∼ 7000− 8000 K and display spectra of
a cool supergiant of A or F spectral type (Humphreys & Davidson
1994 [117]; Smith 2014 [134]). The S-Dor variations occur at constant
luminosity (Humphreys & Davidson 1994 [117]) although Groh et al.
(2009 [41]) reported variations in the bolometric luminosity of the LBV
star AG Car.
Many LBV stars are surrounded by circumstellar nebulae that are
formed from material ejected during previous eruption events rather
than from a continuous stellar wind (Hutsemékers 1994 [59]; Nota
et al. 1995 [103]; Smith 2014 [134]). Nota et al. (1995 [103]) classified
morphologically the LBV nebulae into three main groups: a) shell neb-
ulae, the majority; b) filamentary nebulae, like the one around the
LBV HR Car; and c) peculiar morphologies like the case of P Cyg.
Dust has been detected in many LBV nebulae (McGregor et al. 1988
[88]; Hutsemékers 1997 [60]). The study of these circumstellar nebu-
lae provides the total amount of the ejected mass during an eruption
(Smith 2014 [134]) and the stellar surface abundances at the time of
the ejection (Smith 1997 [130]).
1.1.2 Wolf-Rayet stars
WR stars are characterized by strong broad emission lines in the opti-
cal region due to stellar winds. They are named after the astronomers
Wolf and Rayet (1867 [171]) who reported the discovery of three stars
with broad emission lines in the constellation of Cygni. They are di-
vided into two groups: a) the WN subtypes that show strong lines of
He and N; and b) the WC and WO subtypes that show strong He, C,
and O in their spectra (Crowther 2007 [21]). The WN stars show the
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products of the CNO hydrogen burning cycle at their surface, while
the WC stars show the products of triple-α helium burning reactions
(Maeder and Conti 1994 [78]; Crowther 2007 [21]).
WR stars represent an intermediate phase in the late evolution
of O-type massive stars with an initial mass > 30 M (Maeder &
Meynet 2010 [79]). The initial star loses a significant fraction of its
mass through the stellar wind and/or through episodes of extreme
mass-loss during an intermediate evolutionary phase, a RSG or LBV
phase. The outer layers are removed, revealing the products of hy-
drogen burning, and subsequently helium burning at the stellar sur-
face, leaving a bare core that becomes a WR. The lower limit for the
initial stellar mass is not as robust for a WR belonging to a close bi-
nary system (Crowther 2007 [21]). In such cases the H-rich envelope
is lost through a Roche-lobe overflow. The luminosity of WR stars is
∼ 105− 106 L, their temperature is about 35 000− 85 000 K, and they
have mass-loss rates between ∼ 10−5 to 10−4 M yr−1 (Crowther 2007
[21]).
Marston (1997 [85]) observed that one third of the galactic WR
stars have an associated nebula in the optical. Different types of mor-
phologies have been observed around galactic WR stars by Chu et
al. (1983 [15]) who divided them into categories according to their
formation mechanism: wind-blown bubbles, stellar ejecta and Hii re-
gions. A similar percentage of the WR stars in the Magellanic Clouds
are surrounded by ring nebulae, either formed from stellar ejecta or
from swept-up interstellar material (Dopita et al. 1994 [25]). The ring
nebulae around WR stars are thought to represent material that has
been ejected in a previous evolutionary phase of the star, a LBV or a
RSG phase (Crowther 2007 [21]). The chemical abundances in the WR
nebulae are similar to the abundance in the LBV nebulae (Smith 1997
[130]). Moreover, cold dust has been detected in WR nebulae (Marston
1991 [83]; Mathis et al. 1992 [87]) as it is the case of LBV nebulae. The
study of WR nebulae provides information on the previous evolution-
ary stages of the WR stars and their mass-loss history.
1.1.3 Open issues on the massive star evolution
Despite the huge progress of observational studies that has been
made in the last years at all wavelengths and the theoretical stud-
ies based on sophisticated models, there are still questions on all the
stages of the evolution of massive stars that need to be tackled.
In particular, the current models of stellar evolution do not in-
clude any eruption events. That makes the predicted post-main-sequ-
ence evolutionary paths very uncertain. The role of rotation in the evo-
lution of those stars is not yet perfectly understood. Also, the depen-
dence of the evolution on the metallicity is a very important aspect
that requires more observational data to be better understood. The
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cause of clumpiness in massive stellar winds that led to re-estimate
the mass-loss rates downwards is still uncertain. The mechanism at
the origin of the formation of nebulae around massive star needs to
be unveiled. The role of the dust in these circumstellar environments
is extremely important but the mechanisms of its formation during
LBV eruptions and SN explosions are not clearly known.
For the LBV stars, it is still unclear what is the cause of the violent
eruptions and what mechanism can explain them. This is very im-
portant for understanding why nebulae around LBV are observed to
have different morphologies. Also, the role of these LBV eruptions in
the evolution of the star is not entirely known. Important parameters,
such as the total mass lost during a LBV outburst, the LBV lifetime and
the mass-loss rate need to be precisely constrained from the observa-
tions and then explained by theoretical models.
For the WR stars, it is very important to obtain accurate stellar
physical parameters for a bigger sample of all types in order to con-
strain their evolution towards the end points of massive stellar evolu-
tion and better understand the link between them and the SN explo-
sions. The similarities between nebula around WR stars and nebulae
around LBV stars need to be studied in detail to establish more firmly
the connection between these two evolutionary stages.
1.2 our project with herschel
1.2.1 The Herschel MESS guaranteed time key programme
The Herschel infrared observations of the nebulae were carried out
mainly in the framework of the Herschel MESS1 guaranteed time key
programme with Dr. Martin Groenewegen as principal investigator.
The observing list of this programme contains 128 objects with a
total duration of 330 hours of observations. The Herschel onboard
instruments Photodetector Array Camera and Spectrometer (PACS)
and Spectral and Photometric Imaging Receiver (SPIRE) were used
for these observations. The corresponding proposal was a joint effort
by Belgium (PACS), Austria (PACS), Heidelberg-Germany (PACS), SPIRE
SAG-6 group, the Herschel Science Centre, and Mission Scientists.
The aim of the MESS programme was the study of the circum-
stellar environment in post-main-sequence objects of various masses:
low- and intermediate-mass objects (Asymptotic Giant Branch (AGB),
post-AGB, Planetary Nebula (PN)), high-mass stars (RSG, WR, LBV), and
SN. More precisely, by searching for single or multiple shells around a
representative sample of evolved stars with the help of infrared imag-
ing, it aims to study the mass-loss history of these stars and their
interaction with the interstellar medium. It aims also to study the
dust and gas chemistry in the circumstellar environment of these ob-
1 http://www.univie.ac.at/space/MESS/
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Object Type PACS PACS SPIRE SPIRE
imag. spectr. imag. spectr.
AG Car LBV MESS MESS - MESS
HR Car LBV MESS GT2 - -
WRAY 15-751 LBV MESS * - -
G79.29+0.46 LBV MESS GT2 - -
He 3-519 LBV? MESS - - -
HD 168625 LBV? MESS MESS - -
M1-67 WR MESS GT1 MESS MESS
NGC 6888 WR MESS - - -
NGC 6164/5 Of?p GT1 GT2 - -
Notes. * Observed during the calibration phase of the instrument
Table 1.1: List of objects of our project dedicated to the study of circumstellar
environments of massive evolved stars. The object studied in this
thesis are in blue.
jects with the help of infrared spectroscopic observations. A detailed
description of the MESS key programme is given in Groenewegen et
al. (2011 [39]) where the target selection and the observing strategy
are presented along with results obtained during Herschel’s science
demonstration phase. First results and an updated status were later
presented in Groenewegen et al. (2011 [40]).
1.2.2 Massive evolved stars study
In the framework of the MESS programme, our project is dedicated
to the circumstellar environments of massive evolved stars, LBVs and
WR stars (Vamvatira-Nakou et al. 2011 [155]), aiming at studying in
detail the gas and the dust physical properties.
Herschel data consist of flux-calibrated images and flux-calibrated
spectra, mostly taken with the PACS instrument (see Table 1.1). In
our analysis, they were combined with older infrared data as well
as with archival radio and optical observations. The images taken in
different wavebands provide detailed information on the dust content
of the nebulae (grain size and structure, total mass, temperature). The
spectra on the other hand enable us to determine the properties of
the gas component (density, temperature, abundances). Overall, this
project aims at studying and understanding the mass-loss history of
these stars.
The objects that have been observed as part of the MESS programme
by Dr. Damien Hutsemékers, Dr. Pierre Royer and Prof. Gregor Rauw
are the LBVs AG Car, HR Car, WRA 15-751 and G79.29+0.46, the can-
didate LBVs He 3-519 and HD 168625 and the WR nebulae M 1-67 and
NGC 6888. The target list was complemented with the nebula NGC
6164/5 around the peculiar Of?p star HD 148937 observed after the
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acceptance of two guaranteed time (GT) proposals for the first and the
second in-flight Announcement of Opportunity (AO1 and AO2) with
Dr. Pierre Royer as principal investigator. This target list consists of a
representative sample of nebulae with various morphologies around
LBV and WR stars of different luminosities. It is presented in Table 1.1
along with the instrument used and the corresponding programme
(MESS, GT1 or GT2). Images of some of these targets are given in
Fig. 1.2, Fig. 1.32 and Fig. 1.43.
This thesis focuses on three nebulae; the nebula around the LBV
star WRAY 15-751 (Chap. 2), the nebula around the LBV star AG Car
(Chap. 3) and the nebula M1-67 around the star WR 124 (Chap. 4).
1.3 observations
1.3.1 Infrared Herschel observations
The Herschel Space Observatory4 (Pilbratt et al. 2010 [113]) is a mis-
sion of the European Space Agency (ESA). It was launched on 14 May
2009, on an Ariane 5 ECA rocket that was shared with Planck, an-
other mission of ESA, from Kourou, French Guyana. It then reached
its operational orbit around the 2nd Lagrangian Point of the Earth-
Sun system located 1.5 million km from Earth. Herschel carried the
largest telescope ever flown in space, with a primary mirror diameter
of 3.5 m (Fig. 1.5). It is the first space observatory dedicated to ob-
serve the full far-infrared and submillimetre waveband (55-670 µm).
The scientific observations started in autumn 2009 and ended on 29
April 2013 when Herschel ran out of helium.
Three instrument were onboard Herschel; PACS (Poglitsch et al.
2010 [115]), SPIRE (Griffin et al. [38]) and the Heterodyne Instrument
for the Far Infrared (HIFI) (de Graauw et al. 2010 [23]). In this thesis,
only data taken with PACS and SPIRE, each one of them composed of
a photometer and a spectrometer, are analyzed and discussed.
The PACS imaging dual-band photometer consists of two filled
bolometer arrays, one of 64 × 32 pixels (blue channel) and another
of 32× 16 pixels (red channel), that allow the simultaneous imaging
in two bands: 60-85 µm (blue filter) or 85-130 µm (green filter) and
130-210 µm (red filter).
The observing mode that was used for all the nebulae is the
’scan map’ mode at which the telescope slews at constant speed (the
medium speed of 20 ′′/s in this case) along parallel lines to cover
the required area of the sky. For each nebula two orthogonal scan
2 Images presented in the poster presentation by Vamvatira-Nakou et al. in the confer-
ence “The Universe Explored by Herschel” held in ESA/ESTEC, Noordwijk, on 15-18
October 2013 (http://www.cosmos.esa.int/web/herschel/the-universe-explored-by-
herschel).
3 Image presented in Vamvatira-Nakou et al. (2011 [155]).
4 http://www.cosmos.esa.int/web/herschel
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Figure 1.2: The PACS 70 µm image of the LBV star G79.29+0.46 is a charac-
teristic case of multiple shells detection around the central star.
The size of the image is 10’×10’. North is up and east is to the
left. The ’highpassFilter’ task was used to produce the image (see
Sect. 1.3).
Figure 1.3: Three-color (70 µm in blue, 100 µm in green, and 160 µm in red)
PACS image of the nebula NGC 6888 around the star WR 136.
The size of the image is 27’×27’. North is up and east is to the
left. The ’highpassFilter’ task was used to produce each one of
the three images (see Sect. 1.3).
maps were obtained with an angle of 90◦ between them. The final
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Figure 1.4: The nebulae around the LBV candidate He 3-519. Left: morphol-
ogy in the IR (RGB image with R being the PACS 100 µm im-
age, G the PACS 70 µm image and B the Spitzer 24 µm image).
The ’highpassFilter’ task was used to produce the images (see
Sect. 1.3). Right: Hα image obtained with the 3.6m telescope at
ESO, La Silla, Chile. The dimensions of both images are 2×2 ar-
cmin. North is up and east is to the left.
PACS imaging data sets consists of maps at 70, 100 and 160 µm. For
the data reduction, the Herschel Interactive Processing Environment
(HIPE) (Ott 2010 [108]), specifically designed for the Herschel data, was
used.
The ’highpassFilter’ task detailed in Groenewegen et al. (2011
[39]) was used to produce the final images of WRAY 15-751 (see
Sect. 2.2). To investigate fainter nebular emission at large scales, a
second independent data reduction was performed using the Mi-
crowave Anisotropy Dataset mapper (MADmap) algorithm (Cantalupo
et al. 2010 [10]) provided in HIPE. This is an optimal algorithm for
map making, designed to remove the uncorrelated (1/f) noise from
bolometer time ordered data based on matrix inversion, so that the fi-
nal maps have no banding or striping effects. That helps the detection
of possible faint emission.
For the data of AG Car and M1-67 (see Sect. 3.2 and Sect. 4.2, re-
spectively), after the reduction up to level 1, using HIPE, the Scanamor-
phos software (Roussel 2013 [119]) was used to further reduce and
combine the data to produce the final images. This, new at that time,
software contains an optimal algorithm for map reconstruction from
scan observations made with bolometer arrays and especially Her-
schel data. It was designed to remove the low-frequency noise with-
out depending on any noise model but using the redundancy in the
observations. It preserves the flux and can restore point sources and
extended structures with scales just below the map size.
For the nebula around WRAY 15-751, deconvolution was applied
to the three PACS images produced with the ’highpassFilter’ task to
better reveal the morphology of the inner nebula, using the Point
Spread Function (PSF) of Vesta and the MCS deconvolution method
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Figure 1.5: The Herschel Space Telescope. ESA-CNES-Arianespace / Op-
tique Vidéo du CSG - P Baudon.
(Magain et al. 1998 [80]). It was performed only on this nebula be-
cause it is the smaller one. From its convolution with the PACS PSF a
difference can result in the observed morphology with respect to the
real nebular morphology. The Herschel PACS PSF Full Width at Half
Maximum (FWHM)s are 5.2 ′′, 7.7 ′′ and 12 ′′ at 70 µm, 100 µm and 160
µm, respectively. The MCS method has the advantage of not violat-
ing the sampling theorem. Each image is not deconvolved by the total
PSF, which leads to an infinite resolution, but with a partial PSF cho-
sen to respect the desired resolution of the final deconvolved image.
After the deconvolution with the corresponding PSF, the final spatial
resolution was twice as good as the initial one.
The PACS integral-field spectrometer is composed of two Ge:Ga
photoconductors arrays with 16× 25 pixels. It covers the wavelength
range from 52 µm to 220 µm in two channels that operate simultane-
ously in the blue, 52-98 µm band (second order: B2A 52-73 µm and
B2B 70-105 µm, third order: B3A 52-73 µm), and the red, 102-220 µm
band (first order: R1A 133-220 µm and R1B 102-203 µm). It provides
simultaneous imaging of a 47 ′′ × 47 ′′ field of view that is resolved in
5× 5 square spatial pixels (i.e., spaxels). An image slicer employing
reflective optics is used to re-arrange the two-dimensional field-of-
view along a 1× 25 pixels entrance slit for the gratings. Its resolving
power is λ/δλ ∼ 940− 5500, depending on the wavelength.
The ’Spectral Energy Distribution (SED)’ observing mode that pro-
vides a complete coverage between 52 and 220 µm was used for the
observations of WRAY 15-751 and AG Car. For the nebula M1-67, the
’chopped line scan’ mode was used in which, instead of having a com-
plete coverage, the observations are done in specific, previously cho-
sen, short wavebands between 52 µm and 220 µm where it is possible
to detect a nebular emission line. The data reduction was performed
using HIPE and following the standard reduction steps, in particular
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Object PACS PACS SPIRE SPIRE
imag. spectr. imag. spectr.
WRAY 15-751 scan SED - -
map
AG Car scan SED - spectro
map pointα
M1-67 scan chop. line large spectro
map scan map pointα
Notes. (α) These observations were not used in this study (see Sect. 3.5
and Sect. 4.5)
Table 1.2: Observing modes of the three nebulae studied in this thesis.
the subtraction of the background spectrum obtained through chop-
ping and nodding.
The SPIRE imaging three-band photometer is composed of three
photometer bolometer arrays that allow the simultaneous imaging at
250, 350 and 500 µm. Only the nebula M1-67 was observed with this
instrument. The observing mode used was the ’large map’, in which
the telescope also slews at constant speed (the nominal speed of 30 ′′/s
in this case) along parallel lines so as to scan the required sky area.
To obtain two orthogonal scans during a single observation, the cross
scan pointing mode was selected. These data were retrieved from the
archive, processed up to level 2. The surface brightness of the three
maps was then transformed from Jy/sr to Jy/pixel, with the help of
HIPE, to further analyze the data.
The SPIRE Fourier Transform spectrometer consists of two bolome-
ter detector arrays that operate simultaneously at 194-313 µm and
303-671 µm respectively. The spectral resolution is variable, λ/δλ ∼
40− 1000 at 250 µm. The ’single pointing’ observing mode was used
to observe AG Car and M1-67. These observations were not used in
this study because the target flux cannot be recovered with certainty,
due to the chosen observing mode and the detector geometry with
respect to the nebular geometry (see Sect. 3.5 and Sect. 4.5).
Table 1.2 summarizes the observing modes, both the photometric
and the spectroscopic ones, that were used for each one of the three
nebulae studied in this thesis.
1.3.2 Optical observations
The optical observations were carried out using the 3.6-m telescope
at the European Southern Observatory (ESO), La Silla, Chile5, by Dr.
Damien Hutsemékers between 1994 and 1995. This telescope is lo-
cated at an altitude of 2400 meters above sea level. The EFOSC1 cam-
era was used for these observations. For each one of the nebulae,
5 https://www.eso.org/sci/facilities/lasilla/telescopes/3p6.html
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a series of short and long exposures, whose duration depends on
the object, were secured in a Hα+[Nii] filter (λc = 6560.5Å; FWHM =
62.2Å ), and in a continuum filter just redward (λc = 6644.7Å; FWHM =
61.0Å). The frames were bias-corrected and flat-fielded. An example
image obtained with this optical instrument is given in Fig. 1.4
1.4 data analysis methods
1.4.1 Dust nebula modeling
The Herschel infrared images of the three nebulae give information
on the distribution of the dust in these circumstelllar environments.
The aperture photometry, performed using HIPE, provides the nebular
fluxes at the different observed wavelengths. This nebular SED enables
us to model the dust, hence to calculate its mass, temperature and
composition. To complement the infrared photometric datasets with
nebular fluxes at other wavelengths, infrared data obtained during
previous space missions were taken from the NASA/IPAC Infrared
Science Archive6 and from the literature.
1.4.1.1 The 2-Dust code
The publicly available two-dimensional radiative transfer code 2-Dust
(Ueta and Meixner 2003 [152]) was used to model the dust nebulae of
the three targets. This code solves the radiative transfer equations in a
two-dimensional polar grid by considering a three-dimensional radia-
tion field. It can be supplied with various grain size distributions and
optical properties as well as complex axisymmetric density distribu-
tions. Its advantage, apart from the two-dimensionality, is that it uses
the geometry constraints from the infrared images of the nebulae and
specifically the inner nebular radius.
In this code, spherical polar coordinates are used for the grid
points with the assumption of axial symmetry. The profile of the dust
density is a two-dimensional function ρ(r,Θ). Symmetry with respect
to the equatorial plane is also assumed. The grid consists of radial
zones. At each position (r,Θ), the directions are defined by two an-
gles, θ and φ. The specific intensity, Iν(r,Θ; θ,φ), is calculated using
the solution of the radiative transer equation
Iν(r,Θ; θ,φ) =
∫ (r0,Θ0)
(r,Θ)
Sν(r
′,Θ ′; θ,φ)e−τν(r
′,Θ ′)dτν , (1.1)
where Sν is the source function and τν is the optical depth. The
line integration is done from the point (r,Θ) to the point (r0,Θ0)
which is the end of the shell. After the end of the line integration,
the mean specific intensity is computed and then the local temper-
ature of dust grains is derived assuming radiative equilibrium. The
6 http://irsa.ipac.caltech.edu/
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2-Dust code uses the iterative method described in Collison and Fix
(1991 [18]) to constrain the fields of radiation and temperature with
self-consistency.
Practically, it is first necessary to consider the morphology of the
nebula revealed through the infrared PACS so as to choose the best
geometric parameters for the axisymmetric dust density distribution
model. The 2-Dust code uses a normalized density distribution func-
tion (Meixner et al. 2002 [89]) that is based on a layered shell model,
ρ(R, θ) =
(
R
Rmin
)−B{1+C sinF θ[e−(R/Rsw)D/e−(Rmin/Rsw)D]}
×
{
1+A(1− cos θ)F
[
e−(R/Rsw)
E
/e−(Rmin/Rsw)
E
]} , (1.2)
where ρ(R, θ) is the dust mass density at radius R and latitude θ,
Rmin is the inner radius of the shell, and Rsw is the superwind ra-
dius that defines the boundary between the spherical wind and the
axisymmetric superwind. The first term represents the radial profile
of the spherical wind; the parameters A-F define the density profile;
the radial factor B can also be a function of the latitude through the
elongation parameter C; A is the equatorial enhancement parameter;
the parameter F defines the flatness of the shell; and D and E are the
symmetry transition parameters that describe the abruptness of the
geometrical transition in the shell. By comparing the PACS images to
the synthetic ones, produced by 2-Dust and convolved with the PACS
PSF, the dust nebula geometrical parameters can be defined.
After constraining the nebular geometry, the dust infrared SED is
modeled, using as additional input the stellar parameters that are
taken from literature for the specific object under scrutiny. All the
input parameters can be divided into three groups related to: a) the
computational grid; b) the central star and its dust shell; and c) the
dust grains. The 2-Dust code uses the Mie theory to calculate the
cross-sections of the absorption and the scattering of the dust grains
for a given size distribution and optical properties of the dust grains.
The size distribution for the dust grains of Mathis et al. (1977 [86])
was assumed for all nebulae: n(a) ∝ a−3.5 with amin < a < amax,
a being the grain radius. For the dust composition, previous studies
were considered if available, but in any case various compositions
were tested to obtain the best fit of the SED. The optical properties of
the dust grains for each composition were taken from literature. By
varying amin (or amax), which controls the 20µm/100µm flux density
ratio, and the opacity, which controls the strength of the emission, we
can adjust the model to the data.
The output files contains the values of the derredened stellar inten-
sity, the dust shell intensity, the specific intensity and temperature for
each grid point and for each wavelength. Also, the mass of the dust
nebula is calculated along with its temperature. Some of the outputs
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can then be imported into auxiliary programs of this code to produce
a SED as well as two-dimensional projected surface brightness and op-
tical depth maps at given wavelengths. These final synthetic surface
brightness maps of the nebulae were convolved with the correspond-
ing PACS PSF and compared with the observed images.
1.4.1.2 The black body fit
The infrared SED is also fitted with a modified Black Body (BB) curve
that is given by
Fν ∝ Bν(Td)νβ , (1.3)
where Fν is the flux at a given frequency ν, Bν is the Planck function,
Td is the dust temperature and β is a factor linked to the dust com-
position. This fit gives directly the dust temperature for an adopted
β factor.
In this model, to calculate the dust mass, the following equation
is used
Mdust =
Fν D
2
Bν (Td) κν
, (1.4)
where κν is the mass absorption coefficient, i.e. the absorption cross
section per unit mass, and D is the distance to the nebula (Hildebrand
1983 [51]). This method widely used in the literature is considered
here for a consistency check of the 2-Dust results.
1.4.2 Ionized gas analysis
Nebular forbidden emission lines of [Nii], [Niii], [Oi], [Oiii], and
[Cii] are detected in the PACS infrared spectra of the three studied neb-
ulae. More precisely, the lines: [Oi] λλ 63, 146 µm, [Nii] λλ 122, 205
µm, and [Cii] λ 158 µm are detected in all the three spectra, while
the lines: [Niii] λ 57 µm and [Oiii] λ 88 µm are detected only in
the spectra of WRAY 15-751 and M1-67, indicating higher ionization
states. The integrated line fluxes, F, over the 25 spaxels of the spectro-
scopic detector, measured using the Image Reduction and Analysis
Facility (IRAF) (Tody 1986 [149], 1993 [150]), are used to calculate the
ionized gas properties.
1.4.2.1 Electron density
The [Nii] 122/205 µm ratio is an electron density, ne, diagnostic in the
infrared waveband at low density, 1 cm−3 6 ne 6 103 cm−3 (Rubin
et al. 1994 [121]). Since these two lines are detected in all nebulae,
this ratio is used for the electron density calculation. The electron
temperature, Te, assumed to be constant throughout the nebula, was
either taken from the literature or estimated considering the observed
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level of excitation and the available values for other nebulae of this
type.
The task ’temden’ of the package nebular of the IRAF/Space Tele-
scope Science Data Analysis System (STSDAS) environment (Shaw &
Dufour 1995 [125]) was used for the electron density calculations. This
algorithm makes use of the fact that the nebular cooling-rate is dom-
inated by ions that in majority have either p2, p3 or p4 ground-state
electron configurations, which have five low-lying levels. The main
physical assumption is that only these five levels are considered to
calculate the emission line spectrum.
1.4.2.2 Abundance ratios N/O and N/H
When the lines [Niii] 57 µm and [Oiii] 88 µm are detected in the
PACS spectrum of the nebula, the N/O abundance number ratio can
be estimated by
N
O
=
〈N++〉
〈O++〉 =
F[Niii]57/ε[Niii]57
F[Oiii]88/ε[Oiii]88
, (1.5)
where F is the flux and ε is the volume emissivity of a given emission
line. The emissivities are calculated with the task ’ionic’ of the pack-
age nebular, using the adopted value for the electron temperature and
the calculated value for the electron density.
The N/H abundance number ratio can be estimated when the
lines of [Nii] at 122 µm and 205 µm are detected, with the use of the
Hα 6562.8 Å flux, obtained from the optical observation analysis. If
the line [Niii] 57 µm is detected it is also considered. The following
equation is used
N
H
=
〈N+〉+ 〈N++〉
〈H+〉 . (1.6)
To calculate the Hβ flux from the dereddened Hα flux, the equation
F0(Hα)/F0(Hβ) = jHα/jHβ = αeffHαλHβ/α
eff
HβλHα , (1.7)
is used, where j is the emission coefficient, λ is the wavelength and
αeff = (4pij)/(nenphν) is the effective recombination coefficient of
the respective line of hydrogen, with ne being the electron density,
np the proton density, h the Plank’s constant and ν the frequency.
Assuming a case-B recombination7, the following equations of Draine
(2011 [27]) are used
αeffHα = 1.17× 10−13T (−0.942−0.031lnT4)4 cm3s−1 , (1.8)
7 The case-B recombination, where the ionizing photons emitted during the recombi-
nation process are reabsorbed, with the probability to escape being very small, is an
excellent approximation for the photoionized nebulae around O and B stars while
the case-A, where every ionizing photo escapes, is a very good approximation for
shock-heated regions where the density of neutral hydrogen is very small and the
temperature very high (Draine 2011 [27]).
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αeffHβ = 3.03× 10−14T (−0.874−0.058lnT4)4 cm3s−1 , (1.9)
where T4 = Te/(104 K). The flux ratios, F/F0(Hβ) are then calculated
for each one of the detected infrared lines of nitrogen. The ionic abun-
dances N+/H+ and N++/H+ are then derived using the task ’ionic’
of the package nebular. Their sum gives the N/H abundance number
ratio.
1.4.2.3 Ionizing flux
Since optical Hα observations are available for all the nebulae, the
number of hydrogen ionizing photons per unit time and the Ström-
gren radius are calculated for each one of them. For the nebulae with
radio observations available in the literature, these parameters are
calculated based also on the radio flux and are then compared to the
results derived from the Hα emission analysis. The equations used
are given below.
The radius of the Strömgren sphere, RS, in pc is given by (see
Sect. A.1, A.2)
RS = 3.17
(xe

)1/3 ( ne
100
)−2/3
T
(0.272+0.007lnT4)
4
(
Q0
1049
)1/3
, (1.10)
where the rate of emission of hydrogen-ionizing photons,Q0, (in pho-
tons s−1) using the Hα flux is given by
Q0(Hα) = 8.59× 1055T (0.126+0.01lnT4)4 D2F0(Hα) ; (1.11)
when using the radio flux it is given by
Q0(radio) = 8.72× 1043T (−0.466−0.0208lnT4)4
( ν
4.9
)0.1
x−1e D
2Sν , (1.12)
where xe = ne/np is the ratio of the electron to the proton density,
 is the filling factor, T4 = Te/(104 K), ν is the radio frequency in
GHz, D is the distance of the nebula in kpc, F0(Hα) is the Hα flux in
ergs cm−2 s−1, and Sν is the radio flux in mJy.
1.4.2.4 Mass of the ionized gas
An estimate of the ionized gas mass is made from the Hα and the
radio emissions, when available. The equations that are analytically
derived in Sect. A.1 and A.2 are used for this calculation.
For a spherical nebula the ionized mass in solar masses, taking
into account the Hα emission, is given by
M
sphere
i(Hα) = 57.9
1+ 4y+√
1+ y+
T
(0.471+0.015lnT4)
4 
1/2θ3/2D5/2F
1/2
0 (Hα) ,
(1.13)
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where θ is the angular radius of the nebula (R = θD) in arcsec and
nH+ = np, nHe+ , and nHe++ are the number densities of the ionized
hydrogen, ionized helium, and doubly ionized helium, respectively.
Assuming nHe++ = 0 and denoting y+ = nHe+/nH+ , we have xe =
ne/np ' 1+nHe+/nH+ = 1+y+ and µ+ ' 1+ 4nHe+/nH+ = 1+ 4y+.
Considering now the radio flux and using the same formalism as
above, the mass of a spherical nebula in solar masses is given by
M
sphere
i(radio) = 5.82× 10−5
1+ 4y+
1+ y+
T0.1754
( ν
4.9
)0.05
1/2θ3/2D5/2S
1/2
ν .
(1.14)
1.4.3 Neutral gas analysis
A Photodissociation Region (PDR) is a region where the gas is neutral
and the Far-UltraViolet (FUV) photons (with hν < 13.6 eV) play a
significant role in the chemistry and the heating. Among the most
important coolants in a PDR are the fine structure emission lines [Oi]
63, 146 µm and [Cii] 158 µm (Hollenbach & Tielens 1997 [54]). The
first detection of a PDR in a nebula around a LBV was made by Umana
et al. (2009 [153]), through the presence of fine structure lines in their
Spitzer study of the nebula that surrounds HR Car. A PDR was later
found in the nebula around the LBV candidate HD 168625 (Umana et
al. 2010 [154]), this time through the detection of spectral features that
indicate the presence of Polycyclic Aromatic Hydrocarbon (PAH)s.
The three lines, [Oi] 63, 146 µm and [Cii] 158 µm, are detected
in all the three PACS nebular spectra. This detection may indicate the
presence of a PDR in the nebulae. On the other hand, a shock, which is
the result of the interaction between the fast stellar wind and the slow
expanding remnant of a previous evolutionary phase, could also pho-
todissociate molecules and result in [Oi] and [Cii] emission. The flux
ratios of [Oi] 63 µm/[Oi] 146 µm and [Oi] 63 µm/[Cii] 158 µm can be
used to exclude one of these two possible scenarios, considering the
PDR models predictions of Kaufman et al. (1999 [67]). Moreover, the
ratio [Oi] 63 µm/[Cii] 158 µm is a diagnostic between PDR and shock.
In PDRs, this ratio is < 10 (Tielens and Hollenbach 1985 [147]), while
in shocks, it is & 10 (Hollenbach and McKee 1989 [53], Castro-Carrizo
et al. 2001 [12]). The conclusion for all the three nebulae is that a PDR,
and not a shock, is responsible for the [Oi] and [Cii] emission.
The physical conditions in the PDR can be determined using these
three infrared fine structure lines. But firstly, any possible contribu-
tion of the ionized gas to the observed line intensities must be de-
termined and subtracted. The lines [Oi] 63, 146 µm arise exclusively
from the PDR (Malhotra et al 2001. [81]) because neutral oxygen can
be found only in neutral regions, as its ionization potential (13.62 eV)
is very close to the ionization potential of hydrogen. On the contrary,
carbon, which is the fourth-most abundant element, has an ionization
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Figure 1.6: Temperature-density PDR diagnostic diagram. The grid of flux
ratios F[Oi]63/F[Oi]146 versus F[Oi]63/FPDR[Cii]158 was calculated by
solving the level population equations for a range of tempera-
tures and densities. F[Oi]63/FPDR[Cii]158 is normalized to the solar
abundance (C/O) = 0.5 so that [C/O]≡ log(C/O) - log(C/O).
potential (11.26 eV) lower than that of hydrogen. Consequently, C+
can be found in both PDRs and Hii regions. Therefore, the line [Cii]
158 µm may arise from the Hii region of the nebula and/or from
the associated PDR (Heiles 1994 [50]). In the following we describe a
method based on the Herschel data to disentangle the contribution of
each one of the two regions to the flux of the line [Cii] 158 µm and at
the same time estimate the C/O abundance ratio of the nebula.
Measurements of the flux of the line [Nii] 122 µm can give an
estimate of the contribution of the Hii region to the flux of [Cii] 158
µm line, FHii[Cii]158, because the line [Nii] 122 µm arises exclusively in
the ionized gas regions. We define
FHii[Cii]158 = αF[Cii]158 , (1.15)
where F[Cii]158 is the total flux of the [Cii] 158 µm line measured on
the PACS spectrum and α is a factor that needs to be determined. The
ratio of fractional ionization is given by
〈C+〉
〈N+〉 =
FHii[Cii]158/ε[Cii]158
F[Nii]122/ε[Nii]122
. (1.16)
Assuming 〈C+〉/〈N+〉 = C/N we have
FHii[Cii]158
F[Nii]122
=
ε[Cii]158
ε[Nii]122
C
N
, (1.17)
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where the emissivities are calculated using the task ’ionic’ of package
nebular. If the N/O abundance ratio has been calculated or is known
from the literature, then
C
O
=
C
N
N
O
. (1.18)
The theoretical F[Oi]63/F[Oi]146 ratio against the F[Oi]63/FPDR[Cii]158
ratio normalized to the solar (C/O) = 0.5 abundance ratio (Fig. 1.6),
is then plotted following a similar study by Liu et al. (2001 [76]). To
calculate the populations of the fine-structure levels of C+ and O0, the
two- and three-level atom equilibrium equations were solved, respec-
tively, considering that collisions with atomic hydrogen dominate in
the PDR (Draine 2011 [27]). The radiative transition probabilities, Aij,
for the [Cii] and [Oi] fine-structure lines and the electron collision
strengths, Ωij, were taken from Draine (2011 [27]). The collisional
rate coefficients for the fine-structure excitation by hydrogen for [Cii]
and [Oi] were taken from Barinovs et al. (2005 [2]) and from Abra-
hamsson et al. (2007 [1]), respectively. A simple analytic extrapolation
was made for temperatures higher than those given in these two ref-
erences8. Furthermore, pressure equilibrium between the Hii region
and the PDR was assumed (Tielens 2005 [146])
nH0kTPDR ' 2nekTe , (1.19)
where nH0 is the atomic hydrogen number density and TPDR is the
temperature of the PDR. This relation is used to define a locus of
possible values in the diagram of Fig. 1.6.
Using this diagnostic diagram along with the constraints from
Eq. 1.19 and the observed line ration F[Oi]63/F[Oi]146, the value of
log(F[Oi]63/ FPDR[Cii]158) + [C/O] is determined. The values of α and
C/O are then calculated using Eq. 1.15, Eq. 1.17 and Eq. 1.18.
The structure of a PDR is described by the incident FUV radiation
field, G0, along with the hydrogen density, nH0 . Expressed in terms
of the average interstellar radiation field that corresponds to an uni-
directional radiation field of 1.6× 10−3 erg cm−2 s−1, G0 is given by
(Tielens 2005 [146])
G0 = 625
L?χ
4piR2
, (1.20)
where L? is the stellar luminosity, χ is the fraction of this luminosity
above 6 eV, and R is the distance from the star.
The dust absorbs and re-emits the FUV radiation in the Far-InfraRed
(FIR). Consequently, the dust temperature, Tdust, can be estimated as-
8 The difference between the diagram in the study of Liu et al. (2001 [76]) and Fig. 1.6
is due to the use of updated collision coefficients. We also consider a wider range of
density and temperature values.
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suming radiative equilibrium. In the case of silicates (i.e., β = 2) the
dust temperature is given by (Tielens 2005 [146])
Tdust = 50
(
1µm
a
)0.06(
G0
104
)1/6
K for Tdust < 250 K . (1.21)
To verify the consistency of the PDR analysis with the results of the
dust nebula analysis, the calculations of the dust temperature were
also performed using this equation.
1.4.4 The stellar evolutionary phase at the time of the nebular ejection
The results of the analysis of the Herschel infrared imaging and spec-
troscopic data for the three nebulae can be used to constrain the evo-
lutionary phase of the central star at the time when the ejection of
the nebula took place. For this purpose we used the theoretical evo-
lutionary models of Ekström et al. (2012 [29]), which are the Geneva
models for initial stellar masses between 0.8 and 120 M with solar
metallicity available through an interactive webpage9.
By choosing the initial stellar mass, metallicity and rotation rate,
the code computes the theoretical evolution of various stellar param-
eters among which the luminosity, temperature, mass-loss rate and
abundances. The observational data provides the mass-loss rate of
the central star at the time of the nebular ejection, along with abun-
dance ratios (N/H, N/O and C/O) that are assumed to be the surface
abundances at the time of the ejection. These results are used to con-
strain the possible theoretical evolutionary paths and find the phase
during which the nebular ejection occured.
9 http://obswww.unige.ch/Recherche/evoldb/index/
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The first object chosen to be part of this study is the LBV star WRAY
15-751 and its circumstellar environment. Previous studies revealed
that this massive evolved star is surrounded by a nebula composed of
dust and gas. Though this nebula has been previously observed in the
infrared waveband, the analysis of the new high-resolution infrared
Herschel data gave us more detail on the structure and the composi-
tion of the nebula and allowed us to calculate the basic properties of
the dust and the gas component of the nebula with precision. More-
over, thanks to the large field-of-view of these observations we have
been able to look for the possible presence of multiple shells and/or
cavities in the circumstellar environment of this LBV star. These new
data finally helped us to estimate at which time of the stellar evolu-
tion the nebula was ejected from the star.
This analysis was published in Astronomy & Astrophysics (2013
A&A, 557, A20), and the article is reproduced in the following pages.
It is organized as follows. After the introduction to this chapter, where
previous studies of this object related to our analysis are presented,
the Herschel infrared imaging and spectroscopic observations along
with the optical imaging observations are presented. The description
of the nebular morphology revealed through the imaging follows.
Apart from the well known nebula that surrounds WRAY 15-751, a
second bigger but fainter nebula is detected for the first time in the in-
frared images. The spectrum of the nebula is then presented, followed
by the analysis of the dust continuum emission and the analysis of
the emission line spectrum.
The analysis of our observations and the discussion of the corre-
sponding results led to the following basic conclusions of the study
of the nebula around WRAY 15-751. The main inner nebula consists
of mildly enriched material. It is composed of dust and ionized gas
that are mixed together and are surrounded by a thin region where
the gas is neutral. The presence of multiple shells around the cen-
tral star shows that the mass-loss was a series of episodes of extreme
mass-loss. Our results point to a nebular ejection during a RSG phase
of a star of about 40 M with little rotation.
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HERSCHEL IMAGING AND SPECTROSCOPY
OF THE NEBULA AROUND THE LUMINOUS BLUE
VARIABLE STAR WRAY 15-751
Vamvatira-Nakou, C., Hutsemékers, D., Royer, P., Nazé, Y., Magain, P.,
Exter, K., Waelkens, C., and Groenewegen, M. A. T.
Abstract
We have obtained far-infrared Herschel PACS imaging and spectro-
scopic observations of the nebular environment of the luminous blue
variable (LBV) WRAY 15-751. The far-infrared images clearly show
that the main, dusty nebula is a shell of radius 0.5 pc and width 0.35
pc extending outside the Hα nebula. Furthermore, these images re-
veal a second, bigger and fainter dust nebula that is observed for the
first time. Both nebulae lie in an empty cavity, very likely the remnant
of the O-star wind bubble formed when the star was on the main se-
quence. The kinematic ages of the nebulae are calculated to be about
2 × 104 and 8 × 104 years, and we estimated that each nebula con-
tains ∼ 0.05 M of dust. Modeling of the inner nebula indicates a
Fe-rich dust. The far-infrared spectrum of the main nebula revealed
forbidden emission lines coming from ionized and neutral gas. Our
study shows that the main nebula consists of a shell of ionized gas
surrounded by a thin photodissociation region illuminated by an "av-
erage" early-B star. We derive the abundance ratios N/O = 1.0 ± 0.4
and C/O = 0.4 ± 0.2, which indicate a mild N/O enrichment. From
both the ionized and neutral gas components we estimate that the
inner shell contains 1.7 ± 0.6 M of gas. Assuming a similar dust-to-
gas ratio for the outer nebula, the total mass ejected by WRAY 15-751
amounts to 4 ± 2 M. The measured abundances, masses and kine-
matic ages of the nebulae were used to constrain the evolution of the
star and the epoch at which the nebulae were ejected. Our results
point to an ejection of the nebulae during the red super-giant (RSG)
evolutionary phase of an ∼ 40 M star. The multiple shells around
the star suggest that the mass-loss was not a continuous ejection but
rather a series of episodes of extreme mass-loss. Our measurements
are compatible with the recent evolutionary tracks computed for an ∼
40 M star with little rotation. They support the O–BSG–RSG–YSG–
LBV filiation and the idea that high-luminosity and low-luminosity
LBVs follow different evolutionary paths.
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LBVs, or S Doradus variables, represent a short stage (∼ 104 − 105 yr)
in the evolution of massive stars with initial mass > 30 M (Maeder
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& Meynet 2010 [79]). They are located in the upper left part of the HR
diagram, although some of them undergo occasional excursions to
the right of the HR diagram. Their main characteristics are a) photo-
metric variability, from giant eruptions, > 2mag, to small oscillations,
∼ 0.1 mag; b) high luminosity, ∼ 106 L; and c) high mass-loss rates,
∼ 10−5 − 10−4 M yr−1 (Humphreys & Davidson 1994 [117]).
According to current evolutionary scenarios (Maeder & Meynet
2010 [79]), an early-type O star evolves into a WR star by losing a
significant fraction of its initial mass. Progressively, the outer layers of
the star are removed, revealing a “bare core” that becomes a WR star.
One way to lose mass is through stellar winds. However, in the past
few years the mass-loss rates of O stars have been revised downward
by up to one order of magnitude (Fullerton et al. 2006 [32]) and more
often by a factor of a few (Bouret et al. 2005 [8]; Puls et al. 2008 [116]),
highlighting the key role played by episodes of extreme mass-loss in
an intermediate evolutionary phase (LBV or red supergiant phase).
Most LBVs are surrounded by ejected nebulae (Hutsemékers 1994
[59]; Nota et al. 1995 [103]). The Hii nebulae have diameters of 0.5− 2
pc, expansion velocities of a few tens of km s−1, and dynamical ages
of 3× 103 to 5× 104 yr. Their morphologies are usually axisymmetric,
from mildly to extremely bipolar or elliptical. Previous infrared and
millimeter studies of LBV nebulae have revealed not only dust but also
molecular gas (CO) (McGregor et al. 1988 [88]; Hutsemékers 1997 [60];
Nota et al. 2002 [105]).
There are many questions about the detailed evolution of these
massive stars. For instance, we still do not know when and how the
nebulae are ejected, what causes the strong mass-loss phases and
what leads to the giant eruptions observed in some of them. Also,
important quantities such as the nebular mass and the gas composi-
tion (CNO abundances) are very uncertain.
WRAY 15-751 (= Hen 3-591 = IRAS 11065-6026) was first consid-
ered to be a possible WR star by Henize (Roberts 1962 [118]) because
of a perceptibly widened Hα emission line. Carlson and Henize (1979
[11]) included it in their sample of southern peculiar emission-line
stars and classified it as a Bep star on the basis of the strong [Feii]
emission lines characterizing its spectrum. Based on a photometric
and spectroscopic study in the optical, Hu et al. (1990 [55]) concluded
that WRAY 15-751 is a variable star with spectral type O9.5. After es-
timating its distance (r > 5 kpc) and temperature (Teff = 30000 K),
these authors calculated a lower limit of log L/L equal to 5.7. By
plotting these data in an evolutionary diagram, they revealed that
WRAY 15-751 is located in the region of LBV stars, with a lower limit
on the initial mass of approximately 50M. De Winter et al. (1992
[24]) made an extensive comparative study of the optical and ultravi-
olet characteristic of this star with those of the LBVs AG Car and HR
Car. They concluded that WRAY 15-751 was a LBV in a phase of qui-
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escence surrounded by a cold dusty circumstellar shell with strong
emission in the FIR, like HR Car.
Based on the available photometry, Sterken et al. (2008 [142]) sho-
wed that WRAY 15-751 exhibits strong variability, confirming that the
star belongs to the S Dor class. Its variations have an amplitude of
about two magnitudes in V and a cycle length of several decades,
similar to the observed variations of AG Car. The star moved from V
' 12.5 and Teff ' 30000 K in 1989, to V ' 10.5 and Teff ' 9000 K in
2008.
Hutsemékers and Van Drom (1991 [61]) studied WRAY 15-751
with optical photometric and spectroscopic data. They found that the
star is surrounded by a ring nebula of ionized gas with a diameter
of about 22 ′′. The nebula appeared non-uniform in brightness and is
apparently not detached from the central star. This fact led them to
conclude that the nebula might arise from a continuous mass-loss in-
stead of from a sudden outburst. Based on their spectral analysis, they
also suggested that the nebula is expanding almost symmetrically at
26 km s−1.
The first infrared study of the nebula around WRAY 15-751 was
made by Voors et al. (2000 [164]). By modeling ground-based in-
frared images taken at about 10 µm and Infrared Space Observatory
(ISO) spectroscopic observations, they derived some properties of the
circumstellar dust around the star: the distribution of emission is
roughly spherical, the dust shell is detached and slightly elongated;
there is neutral gas outside the dust shell and ionized gas only in the
inner part of it; the dust shell contains on the average large grains
and a minor population of warm very small grains.
Weis (2000 [165]) made a detailed kinematic and morphological
study of the nebula and found that, in addition to a nearly spheri-
cal shell, it also displays a bipolar-like structure (caps). Duncan and
White (2002 [28]) studied this nebula at radio wavelengths (3 and 6
cm) and confirmed the almost attached nebula surrounding the cen-
tral star. Moreover, the subtraction of the central star as a point source
revealed a two-component inner structure, which was interpreted by
the authors as a disk or torus, suggesting a possible mass transfer
from a companion star.
Van Genderen et al. (1992 [161]) calculated a lower limit of 4− 5
kpc for the distance to WRAY 15-751, based on the photometry of
field stars. This value agrees with the suggestion of Hu et al. (1990
[55]). Hutsemékers and Van Drom (1991 [61]) found a larger distance
of 7 kpc, determined from the kinematics of the [Nii] lines. Pasquali
et al. (2006 [111]) adopted a distance of 6± 1 kpc in their study of the
birth-cluster of WRAY 15-751 based on the radial velocity of the star
and its surrounding Hii region. In this study we adopt a distance of
6 ±1 kpc, which encompasses all measurements.
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We analyze the images and the spectrum of the WRAY 15-751
nebula taken by PACS (Poglitsch et al. 2010 [115]), one of the three
instruments onboard the Herschel Space Observatory (Pilbratt et al.
2010 [113]). The paper is organized as follows. The observations and
the data reduction are presented in Sect. 2.2. In Sect. 2.3 a description
of the nebula FIR morphology is given, while in Sect. 2.4 we give an
overview of the spectrum. In Sect. 2.5 we model the dust continuum
emission. The emission line spectrum is presented and analyzed in
Sect. 2.6. A general discussion follows in Sect. 2.7 and conclusions
appear in Sect. 2.8.
2.2 observations and data reduction
2.2.1 Infrared observations
The infrared imaging and spectroscopic observations were carried out
using PACS as part of the MESS Guaranteed Time Key Program (Groe-
newegen et al. 2011 [39]).
The imaging observations of the WRAY 15-751 nebula were car-
ried out on January 2, 2010, which corresponds to the 233 Observa-
tional Day (OD) of Herschel. The scan map mode was used. In this
observing mode, the telescope slews at constant speed (20 ′′/s in our
case) along parallel lines to cover the required area of the sky. For each
filter, two orthogonal scan maps were obtained so that our final data
set consists of maps at 70, 100 and 160 µm. The observation Identifi-
cation Number (obsID)s of the four scans are 1342188849, 1342188850,
1342188851, and 1342188852. The duration of each one is 157 s.
The data reduction was performed using the HIPE (Ott 2010 [108]).
The ’highpassFilter’ task was used to produce the final images as
detailed in Groenewegen et al. (2011 [39]). The images were oversam-
pled by a factor of 3.2 with respect to the original pixel size, hence
leading to pixel sizes in the final maps of 1 ′′ in the blue (70, 100 µm)
channel and 2 ′′ in the red (160 µm) channel. Since the highpassFilter
task filters out the largest structures, an independent data reduction
was performed in all three wavelengths using the MADmap algorithm
(Cantalupo et al. 2010 [10]) to investigate emission at large scales. This
algorithm, also provided within HIPE, accounts for the significant de-
tector drift.
Deconvolution was applied to the three PACS images, produced
with the highpassFilter task, in an effort to better reveal the morphol-
ogy of the inner nebula. For this purpose, the PSF of Vesta and the
MCS deconvolution method (Magain et al. 1998 [80]) were used. The
advantage of this method is that it does not violate the sampling the-
orem. Indeed, the image is not deconvolved by the total PSF, which
leads to an infinite resolution, but the deconvolution makes use of a
partial PSF chosen to respect the desired resolution of the final decon-
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volved image. The Herschel PACS PSF FWHMs are 5.2 ′′, 7.7 ′′ and 12 ′′
at 70 µm, 100 µm and 160 µm, respectively. After the deconvolution
with the corresponding PSF, the final spatial resolution is twice as
good as the initial one.
The spectrum of the WRAY 15-751 nebula was taken on November
26, 2009 (OD 196) during the calibration phase of the instrument. The
PACS integral-field spectrometer covers the wavelength range from
52 µm to 220 µm in two channels that operate simultaneously in the
blue, 52-98 µm band (second order: B2A 52-73 µm and B2B 70-105 µm,
third order: B3A 52-73 µm), and the red, 102-220 µm band (first or-
der: R1A 133-220 µm and R1B 102-203 µm). It has a resolving power
of λ/δλ ∼ 940 − 5500, depending on the wavelength. It provides si-
multaneous imaging of a 47 ′′ × 47 ′′ field of view, resolved in 5× 5
square spatial pixels (i.e., spaxels). An image slicer employing reflec-
tive optics is used to re-arrange the two-dimensional field-of-view
along a 1× 25 pixels entrance slit for the gratings. We used the SED
observing template, which provides a complete coverage between 52
and 220 µm. The two obsIDs of these observations are 1342187236
and 1342187237. The data reduction was also performed using HIPE,
following the standard data reduction steps, in particular the subtrac-
tion of the background spectrum obtained through nodding.
2.2.2 Visible observations
The optical images of WRAY 15-751 and its nebula were obtained on
March 14, 1994, with the 3.6-m telescope at the ESO, La Silla, Chile.
The EFOSC1 camera was used in its coronographic mode: the 6 ′′ cir-
cular coronographic mask was inserted in the aperture wheel and
positioned on the central star, while the Lyot stop was inserted in the
grism wheel (Melnick et al. 1989 [64]). A series of short (1s) and long
(300s) exposures were secured in a Hα+[Nii] filter (λc = 6560.5Å ;
FWHM =62.2Å ), and in a continuum filter just redward (λc = 6644.7Å;
FWHM = 61.0Å ). The Charge-Coupled Device (CCD) pixel size was
0.605 ′′ on the sky. The night was photometric and the seeing around
1.6 ′′. The frames were bias-corrected and flat-fielded. The continuum
images were subtracted from the Hα+[Nii] ones after correcting for
the position offsets and for the different filter transmissions, using
field stars. The resulting averaged images show more detail than
those displayed in Hutsemékers and Van Drom (1991 [61]). They can
be compared to those obtained at the ESO New Technology Telescope
(NTT) with the STSci coronograph (Nota 1999 [100], Weis 2000 [165]).
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The images of the WRAY 15-751 nebula at the three PACS wavelengths,
70 µm, 100 µm and 160 µm, are illustrated in Fig. 3.1. Note that the
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Figure 2.1: PACS images of the nebula around WRAY 15-751 at 70 µm, 100
µm and 160 µm, from left to right. Top: original images. Bottom:
images deconvolved using the MCS method. The size of each
image is 1’×1’. The scale on the right corresponds to the surface
brightness (arbitrary units). North is up and east is to the left.
star is not visible at these wavelengths. While the ionized gas does
not appear to be detached from the star (Hutsemékers and Van Drom
1991 [61]; Duncan and White 2002 [28]; Fig. 2.2), the dust emission
seen in these images shows an almost symmetric ring-like morphol-
ogy, as suggested by Voors et al. (2000 [164]) on the basis of mid-
infrared imaging. This ring shape is more clearly seen at 70 µm, the
wavelength at which the spatial resolution is the highest. The cen-
tral part of the nebula is clearly fainter than the ring. The very inner
nebula, which is unresolved in the optical but was detected at radio
wavelengths by Duncan and White (2002 [28]), is not seen in the PACS
images.
In the 70 µm deconvolved image, the ring extends up to ∼ 18 ′′
in radius with a width of ∼ 12 ′′. Adopting a distance of 6 kpc, these
values corresponds to a nebular radius of about 0.5 pc and to a ring
width of 0.35 pc. The surface brightness seems to be non-uniform,
as the northeastern part of the nebula is brighter than the other parts.
This asymmetry in the brightness distribution was also detected at op-
tical and mid-infrared (Hutsemékers and Van Drom 1991 [61]; Voors
et al. 2000 [164]).
Fig. 2.2 illustrates the nebula around WRAY 15-751 in the Hα+[Nii]
light. The nebula essentially appears disk-like with a circular rim 22 ′′
in diameter, in agreement with the measurement of Hutsemékers and
Van Drom (1991 [61]). It appears slightly elongated, with small caps
(Weis 2000 [165]) along the main axis (Position Angle (PA) ∼ 155◦, east
of north). The eastern part of the nebula is definitely brighter than
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Figure 2.2: Hα+[Nii] image of the nebula around WRAY 15-751. The size
of the image is 1’ × 1’. The scale on the right corresponds to the
surface brightness (arbitrary units). North is up and east is to the
left. The central star is occulted by the coronograph spot.
the western one. A similar morphology is observed at radio wave-
lengths (Duncan and White 2002 [28]). No diffuse emission can be
detected in the images obtained within the adjacent continuum filter.
The Hα+[Nii] rim, which corresponds to the ionized gas region, is
inside the dust ring, which extends farther out.
In Fig. 2.3, we illustrate the large-scale infrared emission around
WRAY 15-751, obtained after the reduction with the MADmap algo-
rithm. A much larger, very faint ellipsoidal nebula can be seen cir-
cumscribing the WRAY 15-751 bright ring nebula. This outer nebula
is detected at all three wavelengths but it is more clearly seen at 100
µm. Its size is roughly 2.1 ′ × 2.5 ′, which corresponds to a mean ra-
dius of 2 pc at a distance of 6 kpc. This nebula is elongated along the
same PA as the Hα+[Nii] inner shell (Fig. 2.2), supporting its physical
association to WRAY 15-751. It is also interesting to note that it lies in
a cavity, probably cleaned up prior to the ejection of the nebula. The
radius of this empty cavity is about 4 ′, which corresponds to 7 pc at
a distance of 6 kpc.
The kinematic age of the two nebulae can be estimated, assuming
that the expansion velocity is the same in both cases. Hutsemékers
and Van Drom (1991 [61]) measured the expansion velocity to be
vexp ∼ 26 km s−1. Adopting this value, the inner nebula, of radius
r = 0.5 pc, has a kinematic age tkin = r/vexp of 1.9× 104 years, while
the outer nebula, of mean radius 2 pc, has a kinematic age of 7.5× 104
years.
To explore the environment of WRAY 15-751 in more detail, we
considered the PACS observations of the field obtained in the frame-
work of the Herschel Infrared Galactic Plane survey (Hi-GAL, Moli-
nari et al. 2010 [96]). The observations, made immediately public for
legacy, were retrieved from the archive processed up to level 2. The
two orthogonal scans were added.
A two-color image is displayed in Fig. 2.4, illustrating the complex
interstellar environment around WRAY 15-751. In particular, we can
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Figure 2.3: PACS 100 µm image of the nebula obtained using the MADmap
reduction algorithm. The size of the image is 10’×10’. The scale
on the bottom corresponds to the surface brightness (arbitrary
units). North is up and east is to the left. A faint extended ellip-
tical nebulosity is seen around the bright shell, the size of which
is marked with the horizontal and vertical bars. Both appear lo-
cated inside a cavity in the interstellar medium.
see a series of filaments that form a roughly circular structure around
WRAY 15-751. We tentatively interpret this structure as the bubble
formed by the O-star progenitor, although we cannot exclude a fore-
ground/background structure. Velocity mapping would be needed to
ascertain the physical association. WRAY 15-751 appears to be offset
with respect to the bubble, possibly because of higher density mate-
rial northwest of the star. The radius of this bubble is about 12 ′, which
corresponds to 20 pc at 6 kpc.
2.4 spectrum of the nebula : overview
The footprint of the PACS spectral field-of-view on the image of the
nebula at 70 µm is shown in Fig. 2.5. This figure allows us to identify
which spaxel corresponds to which part of the nebula. It must be
noted that the whole inner ring nebula is inside the spectral field of
view although the center of the nebula is not exactly at the central
spaxel (2,2).
The spectrum of the nebula, integrated over the nine central spax-
els, is shown in Fig. 2.6. The shape of the continuum below 55 µm
results from a yet-imperfect spectral response correction in this range.
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Figure 2.4: Two-color (70 µm in blue and 160 µm in red) image from the Hi-
GAL survey of the complex environment of WRAY 15-751 (the
blue spot at the center of the image marked with a white arrow).
The size of the image is 1◦ × 1◦. North is up and east is to the left.
A bubble ∼25’ in diameter and offset from the star is tentatively
seen around WRAY 15-751.
Above 190 µm the continuum shape results from a light leak from the
second diffraction order of the grating to the first one.
The following forbidden emission spectral lines are detected: [Niii]
λ 57 µm, [Oi] λλ 63, 146 µm, [Oiii] λ 88 µm, [Nii] λλ 122, 205 µm,
and [Cii] λ 158 µm. The highest ionization lines indicate an Hii re-
gion around WRAY 15-751, while the lowest ionization lines reveal
a PDR. Apart from these emission lines and the dust continuum, no
other dust features have been detected. It should be noted that Voors
et al. (2000 [164]) did not detect the [Oi] λ 63 µm line on their ISO-
LWS spectrum: only the lines [Oiii] λ 88 µm and [Nii] λ 122 µm were
clearly visible.
2.5 dust continuum emission
Aperture photometry was performed on the PACS images and inte-
grated flux densities derived for the bright nebular shell. Table 2.1
presents the Herschel-PACS flux density measurements, along with
data taken from the archives of the Infrared Astronomical Satellite
(IRAS) mission (Neugebauer et al. 1984 [99]), the ISO mission (Kessler
et al. 1996 [68]) and the Infrared Astronomical Mission AKARI (Mu-
rakami et al. 2007 [98]). We did not include the IRAS observation at
100 µm because it is only an upper limit, and the AKARI observation
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Figure 2.5: Footprint of the PACS spectral field of view on the image of
the nebula at 70 µm. Each number pair is the label of a specific
spaxel. The size of the image is 1 ′× 1 ′. North is up and east is to
the left.
at 160 µm because of its low quality. Note that the beam size of the
IRAS and AKARI observations is large enough to fully encompass the
ring nebula.
Photometric color correction was applied to all flux densities de-
rived from the data of these four space missions. This correction is
needed to convert monochromatic flux densities that refer to a con-
stant energy spectrum, to the true object SED flux densities at the
photometric reference wavelengths of each instrument.
On the ISO-CAM image1 the nebular flux density was measured
through aperture photometry, subtracting the contribution from the
central object. For the color correction of the IRAS data, we used the
flux density ratios to derive the color temperature and then chose the
corresponding color correction factor (Beichman et al. 1988 [4]). The
ratio R (25,60) corresponds to a temperature of 190 K, while R (12,25)
corresponds to 125 K. We decided to correct the flux density at 60 µm
using the factor at 190 K. For the flux densities at 12 and 25 µm we cal-
culated the corrections using both the low and the high temperatures
and finally considered the average of the two corrected flux densi-
ties, the difference being accounted for in the errors. To estimate the
color correction of AKARI FIS and IRC data, we fitted a BB to the two
datasets independently, using the 25 µm IRAS observation because we
1 The 10.5 µm ISO-CAM image of the nebula is very similar to the ground-based mid-
infrared images presented in Voors et al. (2000 [164]) but its spatial resolution is
much lower.
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Figure 2.6: PACS spectrum of WRAY 15-751, integrated over the nine central
spaxels. Indicated are the lines [Niii], [Oi], [Oiii], [Nii] and [Cii].
The continuum shape below 55 µm results from a yet-imperfect
spectral response function correction, while above 190 µm it re-
sults from a light leak, from the second diffraction order of the
grating in the first one. The different bands are indicated with
different colors.
needed a measurement near the maximum of the curve. These fits led
us to adopt the color correction factors that correspond to a tempera-
ture of 200 K for FIS (Yamamura et al. 2010 [173]) and 150 K for IRC
data (Lorente et al. 2008 [77]). To color-correct the Herschel-PACS data,
we fitted a BB, considering again the 25 µm IRAS observation. This fit
gave a temperature of 200 K, therefore we adopted the corresponding
correction factor (Müller et al. 2011 [144]). For the color correction of
the ISO data we used the correction factors given in the corresponding
handbooks (Blommaert et al. 2003 [6]; Laureijs et al. 2003 [73]). Finally,
the mid-infrared flux density derived from ground-based imaging at
ESO with the TIMMI instrument was taken from Voors et al. (2000
[164]).
All these measurements, presented in Table 2.1, were considered
to model the dust continuum of the nebula, along with the PACS
spectrum, integrated over the full field of view (25 spaxels) and the
archived ISO-LWS spectrum discussed in Voors et al. (2000 [164]).
In Fig. 2.7, we show the infrared SED of WRAY 15-751 obtained at
different epochs with the various instruments. Within the uncertain-
ties, all these measurements agree excellently. First, the agreement
between the PACS and ISO-LWS spectra obtained at different epochs,
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Spacecraft-Instrument Date λ Fν Error
(µm) (Jy) (Jy)
IRAS 1983 12 14.54 0.75
25 214 14
60 112 12
ISO-CAM 1996 10.5 8.9 0.1
ISO-PHT 1996 25 150 40
60 75 36
105 29 4
AKARI-IRC 2007 9 3.32 0.03
18 82.3 2.5
AKARI-FIS 2007 65 93.3 6.6
90 41.4 2.7
140 15.2 1.5
Herschel-PACS 2010 70 68.9 8.3
100 31.7 5.6
170 8.8 2.9
ground-based imaging
TIMMI-ESO 1995 10 5.6 0.1
Table 2.1: Color-corrected nebular flux densities.
taking into account that at longer wavelengths the ISO PSF (100 ′′ FWHM
at 180 µm) becomes larger than the aperture (84 ′′) so that some neb-
ular flux is likely lost, while this is not the case with PACS (PSF of 14 ′′
FWHM at 200 µm for a 47 ′′ × 47 ′′ aperture and a diameter of the neb-
ula smaller than 40 ′′). Second, the agreement between the spectra and
the photometric data points, indicating that broad-band photometry
is dominated by the dust continuum, and that the dust shell is well
within the PACS spectroscopic field of view.
2.5.1 Modeling the dust nebula
To model and interpret the dust emission spectrum and the FIR im-
ages, we used the publicly available two-dimensional radiative trans-
fer code 2-Dust (Ueta and Meixner 2003 [152]). 2-Dust is a versatile
code that can be supplied with various grain size distributions and
optical properties as well as complex axisymmetric density distribu-
tions.
Modeling the WRAY 15-751 dust nebula has previously been car-
ried out by Voors et al. (2000 [164]) using IRAS and ISO near- to far-
infrared spectroscopy, mid-infrared (10 µm) ground-based imaging
and a one-dimensional radiative transfer code. Using the same data
and adopting their input parameters for both the dust and the neb-
ular properties, we derived quasi-identical results using 2-Dust (e.g.
dust emission spectrum, temperature and mass). In the following, we
use in addition the new PACS imaging and spectroscopic data, to-
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gether with AKARI archive data to further constrain the dust shell
properties.
Voors et al. (2000 [164]) showed that the discrepancy between their
model and the data at ∼10 µm (Fig. 2.7) is probably caused by a small
amount of tiny, warm, out-of-equilibrium carbon grains in addition
to silicates. These warm grains do not significantly contribute to the
bulk of the dust mass at the origin of the emission at λ > 20 µm. Their
mid-infrared image may thus not represent the main dust component.
We then re-derived the inner radius of the dust shell using the PACS 70
µm image. We first assumed that the dust shell around WRAY 15-751
is spherically symmetric. This is a good proxy to the overall geometry
and limits the number of free parameters. We also assumed that the
dust density in the nebula runs as r−2. By comparing the PACS images
with the synthetic ones produced by 2-Dust and convolved with the
PACS PSF (Fig. 2.8), we determined the inner radius of the dust shell,
rin = 7
′′. This agrees with the radius derived by Voors et al. (2000
[164]). We also adopted rout = 3 × rin. At a distance of 6 kpc, this
corresponds to rin = 0.20 pc and rout = 0.60 pc. These results are
similar to the measurements discribed in Sect. 2.3, considering the
errors.
Like other LBVs, WRAY 15-751 exhibits long-term strong photo-
metric variations. Since the reaction (heating/cooling) of typical dust
grains to luminosity changes is quasi-instantaneous (e.g. Bode and
Evans 1979 [7]), the stellar parameters corresponding to the differ-
ent epochs of observation must be considered. In a detailed study,
Sterken et al. (2008 [142]) showed that the star was in a minimum
(i.e., minimum V brightness), hot phase in 1989 and in a maximum,
cooler phase in 2008. They suggested that WRAY 15-751 moved in
the HR diagram from logL/L = 5.9± 0.15, log Teff = 4.46± 0.02 in
1989 to logL/L = 5.4± 0.15, log Teff = 3.92± 0.02 in 2008. By inter-
polating, we estimated Teff = 18000 K in 1996, at the epoch of the
ISO observations. A good fit of the ISOPHOT stellar spectrum at λ <
5 µm is obtained with R? = 80R, which corresponds to a stellar
luminosity logL/L = 5.8. Unfortunately, the photometric measure-
ments are very scarce before 1989. From the V light curve displayed
by Sterken et al. (2008 [142]), the brightness of the star seems never-
theless similar in 1983, the epoch of the IRAS observations. We then
adopted Teff = 18000 K and R? = 80R as input for the 2-Dust mod-
eling of both the IRAS and ISO data sets. At the epoch of the AKARI
and Herschel observations in 2007-2010, the star is much cooler and
apparently less luminous. This is quite surprising given the good
agreement of the IRAS/ISO and the AKARI/Herschel spectroscopic
and photometric data seen in Fig. 2.7. Although AKARI/Herschel flux
densities might be marginally lower than the IRAS/ISO ones, this con-
stitutes a strong constraint for the modeling since the nebula itself
cannot have significantly changed between 1996 and 2007-2010. To
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Figure 2.7: Infrared spectrum of WRAY 15-751 from data collected at dif-
ferent epochs: IRAS LRS from 8 to 22 µm (1983, magenta),
ISOPHOT from 2.5 to 11 µm and ISO LWS from 45 to 140 µm
(1996, green), Herschel PACS from 55 to 180 µm (2010, blue).
The ISOPHOT data at λ < 5 µm are corrected for extinction
using E(B − V) = 1.8. At λ > 100 µm, the flux density from
ISO LWS is not reliable, the LWS aperture is too small for
the ISO PSF. Color-corrected photometric measurements are su-
perimposed (red symbols). The spectrum at λ < 5 µm comes
from the central star, the bump at ∼10 µm from silicates and
very small out-of-equilibrium dust grains, and the spectrum at
λ > 20 µm from the bulk of the dust shell. Results of the 2-
Dust model fitting are illustrated. Top: best fits of the IRAS/ISO
data assuming R?/Teff = 80/18000, amin/amax = 0.05/1.5 (solid
line) and amin/amax = 0.2/0.5 (dashed line). Bottom: fits of the
AKARI/Herschel data using the same dust shell properties but
with R?/Teff = 320/9000. Results for a lower-luminosity star
R?/Teff = 240/9000 and amin/amax = 0.2/0.5 are also displayed
(dotted line).
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Figure 2.8: Top left: the 1 ′ × 1 ′ image of the nebula around WRAY 15-751
observed with PACS at 70 µm. North is up and east to the left.
Top right: the synthetic image computed with 2-Dust using rin =
7 ′′ and rout = 21 ′′ and convolved with the PACS PSF. Bottom:
East-west cuts through the central part of the nebula, observed
(black) and synthetic (red). The upper plots correspond to the 70
µm image, the lower ones to the 100 µm image.
model the 2007-2010 data, we considered two sets of stellar parame-
ters: a constant-luminosity, low-temperature model with Teff = 9000
K, R? = 320R, and a low-luminosity, low-temperature one with
Teff = 9000 K, R? = 240R (i.e., logL/L = 5.5) which better agrees
with the most recent position of WRAY 15-751 in the HR diagram
estimated by Sterken et al. (2008 [142]). Note that we neglected the
delay in the response of the different parts of the dust shell to stellar
changes, at most about four years in the observer frame for a shell
radius of 0.6 pc. Such a delay will mostly smear out the effects of the
stellar variations over some years.
Voors (1999 [163]) and Voors et al. (2000 [164]) found that the
dust in the WRAY 15-751 nebula is dominated by amorphous sili-
cates, with little contribution from crystalline species. They also ob-
tained a best fit of the spectrum using pyroxenes and a 50/50 Fe to
Mg abundance. We therefore started with a similar dust composition,
using the optical constants given by Dorschner et al. (1995 [26]), ex-
trapolated to a constant refraction index in the FUV. We assumed the
size distribution for the dust grains of Mathis et al. (1997 [86], here-
after MRN): n(a) ∝ a−3.5 with amin < a < amax, a denoting the
grain radius. By varying the opacity, which controls the strength of
the emission, and amax (or amin), which controls the 20µm / 100µm
flux density ratio, several good fits can be obtained (we did not at-
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tempt to fit the 10 µm bump, which is due to out-of-equilibrium dust,
only a minor contributor to the dust mass). Acceptable values of amax
range between 0.5 and 1.5 µm, confirming the presence of large ∼ 1
µm dust grains in the nebula. In all cases the nebula is optically thin,
the opacity is lower than 0.01 at 25 µm.
However, when a good fit of the IRAS/ISO data was obtained with
the hot R?/Teff = 80/18000 stellar parameters, we were unable to
reproduce the AKARI/Herschel data using the same dust shell prop-
erties with the cooler star, even when using the constant luminosity
320/9000 model. A higher luminosity central star would be needed
to compensate for the shift of stellar energy output from lower to
higher wavelengths. We then tried to increase the near-infrared dust
absorptivity by increasing the Fe to Mg ratio. Using the optical data
of pyroxenes with a higher Fe to Mg ratio provided by Dorschner et
al. (1995 [26]), the fit can be improved, but not sufficiently so. We then
used the silicate dust with the highest available near-infrared absorp-
tivity, i.e., the optical data given by Ossenkopf et al. (1992 [106]) for
cold O-rich silicate with Fe inclusions (see also Fig. 7 of Dorschner et
al. 1995 [26]), with an average bulk density ρ = 3.5 g cm−3. Using a
narrow range of dust radii, amin = 0.2 < a < amax = 0.5, we were
finally able to fit both the IRAS/ISO data with the R?/Teff = 80/18000
model and the AKARI/Herschel data with the R?/Teff = 320/9000
model (Fig. 2.7). The observed dust emission cannot be reproduced
when using the low-luminosity stellar parameters R?/Teff = 240/9000
suggested by Sterken et al. (2008 [142]) for the 2007-2010 epoch.
In summary, the nebular dust emission can be reproduced for
both the hot and cool stellar phases, assuming a constant stellar lu-
minosity and Fe-rich dust grains. The adopted range of grain radii
is unrealistically narrow, but numerical tests show that wider ranges
can be considered if the near-infrared absorptivity is increased even
more. As supported by the modeling, the fact that the dust emission
does not significantly change from 1996 to 2010 suggests that stellar
variations occur at essentially constant luminosity, as found in several
LBVs (Wolf et al. 1981 [170]; Humphreys and Davidson 1994 [117]).
Our results are not entirely incompatible with those of Sterken et al.
(2008 [142]) since the uncertainties on the stellar luminosity are large
and possibly underestimated, as quoted by the authors themselves.
Our results demonstrate that the FIR dust emission from dust shells
can be used to constrain the luminosity variations of the central star.
The mass and temperature of the dust shell we derive from the
modeling depend little on the exact stellar parameters and dust sizes,
provided that a good fit of the spectrum is obtained. We find that the
total dust mass in the nebula is Mdust = 4.5± 0.5× 10−2 M and that
Tdust varies from 95 K at rin to 66 K at rout. The quoted uncertainty
of Mdust only accounts for the dispersion of the values obtained with
different models and is therefore underestimated. Our value of Mdust
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is higher than the one derived by Voors et al. (2000 [164]) mainly
because we used a larger distance to WRAY 15-751.
It is interesting to compare these estimates with those determined
using empirical methods. Indeed, Mdust can be derived using
Mdust =
Fν D
2
Bν (Tdust) Kν
, (2.1)
where Kν is the mass absorption coefficient, Bν the Planck function
andD the distance to the nebula (Hildebrand 1983 [51]). Kν is roughly
independent of the grain radius and behaves as νβ in the FIR. For the
cold O-rich silicates of Ossenkopf et al. (1992 [106]), K60 = 50 cm2g−1
at 60 µm and β = 2.1. By fitting a modified BB with β = 2.1 to the
λ > 18 µm photometric data points (Fig. 2.7), we obtain Tdust = 87
K, not far from the mean value of the temperatures found with 2-
Dust. The higher Tdust and lower β obtained in Vamvatira-Nakou et
al. (2011 [155]) are due to the inclusion in the fit of the data at ∼
10 µm. Using Eq. 2.1 and the color-corrected IRAS flux density F60 =
129 Jy, we obtain Mdust ' 3.5× 10−2 M, which agrees reasonably
well with the value derived with 2-Dust, given the large uncertainties.
The lower values of Mdust reported in Hutsemékers (1994 [59], 1997
[60]) using the same method are essentially due to the use of different
values of Kν and β.
2.5.2 Properties of the outer nebula
We now estimate the temperature and the mass of the outer nebula
(shown in Fig. 2.3).
After carefully subtracting the background and the bright inner
dust shell, we measured F100 = 5.0 ± 0.5 Jy at 100 µm where the
outer nebula is best seen, and F70 = 6.0± 0.5 Jy at 70 µm. At 160 µm,
we estimated F160 = 5.0± 1.5 Jy, but this value strongly depends on
the reduction procedure and background subtraction.
Assuming the same dust composition for the outer shell as for
the inner one, i.e., β ' 2 (silicates), we derived Tdust = 40± 5 K by
fitting a modified BB to the flux densities measured at 70 and 100 µm.
Within the uncertainties, the flux density at 160 µm is barely compat-
ible with this temperature, most likely due to background contami-
nation. The temperature of the nebula is higher than the temperature
of the nearby background emission measured around Tdust ' 20 K,
thus supporting the association of the outer nebula with WRAY 15-
751. It is also interesting to note that for silicates, Tdust is expected to
vary as as r−1/3 (e.g. Tielens 2005 [146]), so that the second shell of
radius ∼ 70 ′′ should have Tdust ' 45 K extrapolating from the average
temperature of the inner shell. This is consistent with the measured
value.
Using F100 ' 5.0± 0.5 Jy, K100 = 18 cm2g−1 and Tdust = 40± 5 K
in Eq. 2.1, we find Mdust = 5± 2× 10−2 M. Although uncertain, the
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mass of dust in the outer shell appears at least as large as the mass in
the bright inner shell.
2.6 emission line spectrum
2.6.1 Line flux measurements
We measured the emission line intensities in each one of the 25 spec-
tra (Fig. 2.5) by fitting a Gaussian to the line profiles using IRAF.
The detailed measurements are given in Sect. 2.9. Only at the central
spaxel (2,2) are all the lines detected. At this spaxel the intensities of
almost all lines reach their highest values. Most of the flux is detected
in the 3× 3 spaxels central area. In contrast, the outer 16 spaxels con-
tribute significantly less to the line fluxes.
To investigate whether there are differences in the properties of
the gas in different parts of the nebula, we also computed for each
spaxel the flux ratios of every detected line to the line [Nii] λ 122 µm,
which is the strongest one. There is some evidence that the ratio [Cii]
158 µ m / [Nii] 122 µm might be higher in the outer spaxels than in
the central ones. However, this trend is not significant given the large
errors. Consequently, we cannot conclude that there is any clear trend
with the distance to the center.
To measure the total emission line fluxes in the nebula with a rea-
sonable accuracy, in particular to compute diagnostic flux ratios, we
used the sum of the spectra that correspond to the 9 (3× 3) central
spaxels. The 16 outer spaxels are not included in the sum because they
bring more noise than signal especially for the faint lines. We again
calculated the line flux by fitting a Gaussian profile to each one of the
detected forbidden emission lines. The results are given in Table 2.2.
This table contains the detected ions, the wavelength of each line, the
corresponding spectral waveband in which they were detected, and
the fluxes with their errors. The quoted uncertainties are the sum of
the line fitting uncertainty plus the uncertainty due to the position
of the continuum, to which we quadratically added an error of 20%
to account for the uncertainty of the PACS absolute flux calibration.
Note that within a given waveband, relative flux uncertainties are
smaller, on the order of 10%. There is a good agreement between the
fluxes measured in two different bands for a given emission line so
that weighted mean values are computed. The line [Nii] λ 205 µm
had a problematic calibration in PACS. Therefore, to be able to use the
corresponding flux values for the following analysis, we calculated
a correction factor using objects from the MESS collaboration (Groe-
newegen et al. 2011 [39]) observed with both PACS and SPIRE. Then,
from the SPIRE/PACS cross calibration we found that the measured
[Nii] λ 205 µm flux should be multiplied by a correction factor of 5.5.
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Ion λ Band F (9 spaxels) F (corrected)
(µm) (10−15 W m−2) (10−15 W m−2)
[Niii] 57 B2A 1.60 ± 0.38
B3A 1.36 ± 0.30
Mean 1.45 ± 0.24 1.73 ± 0.29
[Oi] 63 B2A 1.06 ± 0.26
B3A 0.93 ± 0.21
Mean 0.98 ± 0.16 1.18 ± 0.19
[Oiii] 88 B2B 0.83 ± 0.18 1.04 ± 0.23
[Nii] 122 R1B 4.14 ± 0.82 5.45 ± 1.08
[Oi] 146 R1B 0.10 ± 0.03 0.14 ± 0.04
[Cii] 158 R1B 0.81 ± 0.16
R1A 0.96 ± 0.19
Mean 0.87 ± 0.12 1.21 ± 0.17
[Nii] 205 R1A 0.97 ± 0.24α 1.47 ± 0.36
Notes. (α) Corrected value from PACS/SPIRE cross-calibration
Table 2.2: Line fluxes from the summed spectrum
The error of the final corrected [Nii] 205 µm fluxes is assumed to be
25%.
When using the central 3× 3 spaxel region, some nebular flux is
lost, the amount of which depends on the wavelength as the beam
size, with consequences on the flux ratios. On the other hand, the
spectrum summed over all 25 spaxels encompasses the full ring neb-
ula, as shown in Fig. 2.5 and supported by the agreement with the
photometric measurements (Sect. 2.5). Thus, assuming that the spec-
tral lines originate from the same regions as the dust continuum, we
used the ratio of the 9-spaxel continuum spectrum to the 25-spaxel
continuum spectrum to estimate the correction factor, which varies
roughly linearly from 0.85 at 50 µm to 0.65 at 210 µm. Corrected flux
values are given in the rightmost column of Table 2.2. For the two
lines reasonably detected outside the central area, i.e., [Nii] λ 122 µm
and [Cii] λ 158 µm (Table 2.4), we directly measured the fluxes inte-
grated over the 25 spaxels. We found F = 5.0± 1.0 × 10−15 W m−2 for
[Nii] and F = 1.31± 0.18 × 10−15 W m−2 for [Cii], in good agreement
with the corrected values given in Table 2.2.
2.6.2 Photoionization region characteristics
The emission lines associated to the Hii region detected in the spec-
trum of the inner nebula are [Niii] 57 µm, [Oiii] 88 µm, and [Nii]
122, 205 µm. The other three emission lines originate from a region
of transition between ionized and neutral hydrogen, indicating a PDR.
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Extensive analysis and discussion of the latter lines is given in the
next section.
2.6.2.1 Hα flux
The Hα flux from the nebula was estimated by integrating the sur-
face brightness over the whole nebula (Fig. 2.2). Contamination by
field stars was corrected for, and emission from the central part ex-
trapolated using the mean surface brightness. The contribution of the
strong [Nii] lines was removed using the [Nii] /Hα ratio measured
in Hutsemékers and Van Drom (1991 [61]) and the transmission curve
of the Hα+[Nii] filter. The conversion to absolute flux was made with
the help of spectrophotometric standard stars observed in the same
filter. Adopting a color excess E(B−V)=1.8±0.3 based on the available
optical studies of the nebula (Hu et al. 1990 [55]; Hutsemékers and
Van Drom 1991 [61]; Voors et al. 2000 [164]; Garcia-Lario et al. 1998
[35]), we finally derived F0(Hα) = 3.1× 10−11 ergs cm−2 s−1 (=3.1×
10−14 W m−2). The uncertainty of this value amounts to ∼20%. It is
more accurate than –and agrees with– the value given by Hutsemék-
ers (1994 [59]).
2.6.2.2 Electron density
The [Nii] 122/205 µm ratio, equal to 3.71 ± 1.17, provides a diagnos-
tics for the electron density, ne. To calculate it we used the package
nebular of the IRAF/STSDAS environment (Shaw & Dufour 1995 [125]).
This algorithm makes use of the fact that the nebular cooling-rate is
dominated by ions, most of which have either p2, p3 or p4 ground-
state electron configurations. These configurations have five low-lying
levels. The main physical assumption is that only these five levels are
considered to calculate the emission line spectrum. For all the fol-
lowing calculations, an electron temperature constant throughout the
nebula and equal to Te = 104 K was assumed with an uncertainty of
20%. This value is reasonable since we observe higher excitation (i.e.,
the [Niii] 57 µm and [Oiii] 88 µm lines) than in the AG Car nebula,
for which Smith et al. (1997 [132]) calculated an electron temperature
between 5900 to 7000 K. The electron density, using the [Nii] 122/205
µm ratio, is found to be 164± 90 cm−3.
The [Sii] 6716/6731 Å ratio is also an electron density diagnos-
tics. The value of this ratio measured by Hutsemékers and Van Drom
(1991 [61]) is equal to 1.1 ± 0.1, which yields to an electron den-
sity of 423± 183 cm−3, using the same tool and hypothesis. For the
following analysis, we used the average electron density, i.e. ne =
210±80 cm−3, a typical value for LBV nebulae (Nota et al. 1995 [103]).
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2.6.2.3 Ionizing flux
It should be noted here that the recombination time in our case is
much longer than the timescale of the variability exhibited by the
central star of the nebula. More precisely, the recombination time
is equal to τrec = 1/neαB = (1.22 × 105/ne) yr (Draine 2011 [27]),
where αB is the recombination coefficient. Using the measured elec-
tron density, we estimated that the recombination time is about 440
yr. Consequently, the stellar variations of ∼ 10 yr cannot change the
photoionization/recombination timescale significantly and an aver-
age nonvariable star can be considered.
The rate of emission of hydrogen-ionizing photons, Q0, and the
Strömgren radius of the ionized hydrogen region, RS, can thus be
determined. The nebula was considered to be spherical with an uni-
form density. Q0 and RS were first determined using the estimated
Hα flux and second based on the radio flux density, Sν = 24 mJy at 6
cm (4.9 GHz) which was taken from the study of Duncan and White
(2002 [28]), adopting a typical error of 0.5mJy. It should be mentioned
here that the nebula is optically thin at 4.9 GHz, as the optical depth,
calculated using Eq. 2.29, is lower than one.
The following equation gives the RS in pc (see Sect. 2.10)
RS = 3.17
(xe

)1/3 ( ne
100
)−2/3
T
(0.272+0.007lnT4)
4
(
Q0
1049
)1/3
, (2.2)
where, using the Hα flux, Q0 (in photons s−1) is given by
Q0(Hα) = 8.59× 1055T (0.126+0.01lnT4)4 D2F0(Hα) . (2.3)
When using the radio flux, Q0 (in photons s−1) is given by
Q0(radio) = 8.72× 1043T (−0.466−0.0208lnT4)4
( ν
4.9
)0.1
x−1e D
2Sν . (2.4)
In these equations xe = ne/np, i.e. the fraction of the electron density
to the proton density,  is the filling factor, T4 = Te/(104 K), ν is the
radio frequency (4.9 GHz in this case) and D is the distance of the
nebula in kpc. The Hα flux, F0(Hα), is in ergs cm−2 s−1, while the
radio flux, Sν, is in mJy.
Using the above equations and assuming xe = 1 (the star is not
hot enough to significantly ionize He),  = 1 (the whole volume of
the nebula is filled by ionized gas) and T4 = 1, the rate of emis-
sion of hydrogen-ionizing photons is found to be Q0(H¸) = (9.6 ±
3.7)× 1046 photons s−1 andQ0(radio) = (7.5± 2.5)× 1046 photons s−1.
Within the uncertainties, these two results agree well. This also means
that the adopted value of E(B−V) is essentially correct. The mean
value is Q0 = (8.2± 2.1)× 1046 photons s−1 and corresponds to an
early-B star, Teff ∼ 22 000 K (Panagia 1973 [109]), in agreement with
the average spectral type of the star (Hu et al. 1990 [55]; Sterken et al.
2008 [142]).
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The Strömgren radius calculated from Eq. 2.2 is RS = 0.46± 0.17
pc. By definition, the Strömgren radius is the radius of an ionization
bounded nebula. In Sect. 2.3 the radius of the nebula in the optical,
which is the radius of the ionized gas region which surrounds the
central star, was found to be 0.32 pc. As both radii agree within the
errors, we can conclude that the nebula can be ionization bounded,
in agreement with the presence of PDR lines in the spectrum.
2.6.2.4 Abundances
The N/O abundance ratio can be estimated using the lines [Niii] 57
µm and [Oiii] 88 µm and the equation
N
O
=
〈N++〉
〈O++〉 =
F[Niii]57/ε[Niii]57
F[Oiii]88/ε[Oiii]88
, (2.5)
where F is the observed line flux and ε is the volume emissivity. Con-
sidering Te = 104 K and ne = 210 cm−3, we derived the emissivities
using the package nebular. From the measured line intensities (Ta-
ble 2.2), the N/O abundance ratio is then found to be 1.00 ± 0.38.
The N/O ratio is much higher than the solar value of 0.14 (Grevesse
et al. 2010 [37]). Compared with the N/O ratios of other LBVs nebulae
(Smith 1997 [130]; Smith et al. 1998 [133]; Lamers et al. 2001 [72]), the
value in the WRAY 15-751 nebula is one of the lowest and almost the
same as the value found for the Large Magellanic Cloud (LMC) R127
nebula, 0.9± 0.4.
An estimate of the N/H abundance number ratio can also be
made, based on the observed Hα 6562.8 Å, [Niii] 57 µm, [Nii] 122
µm and 205 µm lines, considering that
N
H
=
〈N+〉+ 〈N++〉
〈H+〉 . (2.6)
The flux ratios, F/F0(Hβ) were calculated for the three infrared lines
of nitrogen. The observed values of F were taken from Table 2.2. To
calculate the Hβ flux, given the dereddened Hα flux, we assumed a
case-B recombination with Te = 104 K. The ionic abundances N+/H+
and N++/H+ where then derived using again the package nebular.
Their sum gives the N/H abundance number ratio, calculated to be
(4.3±2.0)×10−4. This value is equivalent to a logarithmic N/H abun-
dance of 12+ log(N/H) = 8.63± 0.20, higher than the solar value of
7.83 (Grevesse et al. 2010 [37]). This value is similar to the N/H abun-
dances of other LBV nebulae (Smith 1997 [130]; Smith et al. 1998 [133];
Lamers et al. 2001 [72]).
2.6.2.5 Mass of the ionized gas
The mass of the ionized gas can be estimated based on the Hα and
the radio emissions. For this calculation the equations derived in
Sect. 2.10 were used.
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Since the temperature of the central star is lower than 30 000 K, we
can assume that the ionization of He is negligible (y+ = 0). Assuming
also  = 1, the mass of the ionized nebula is Mi(Hα) = 1.04± 0.53 M
and Mi(radio) = 0.92± 0.46 M. The average value is Mi = 0.97±
0.35 M. If the nebula is considered to be a shell and not a sphere,
with inner radius 7 ′′ (assuming that the Hα shell has the same inner
radius as the infrared dust shell) and outer radius 11 ′′, which is the
limit of the Hα nebula as described in Sect. 2.3, its ionized mass is
Mi = 0.84± 0.31 M. Considering the errors, the ionized mass in the
case of a shell nebula is not significantly different from the spherical
case.
2.6.3 Photodissociation region characteristics
The fine structure lines [Oi] 63, 146 µm and [Cii] 158 µm indicate
a PDR in the nebula because they are among the important coolants
in PDRs (Hollenbach & Tielens 1997 [54]). In this region, which sur-
rounds the ionized region of the nebula, the gas is neutral and the
FUV photons (with hν < 13.6 eV) play a significant role in the chem-
istry and the heating. The first detection of a PDR in an LBV nebula,
through the presence of fine structure lines, was made by Umana et
al. (2009 [153]) in their Spitzer study of the nebula that surrounds HR
Car. One year later a PDR was found in the nebula around the LBV
candidate HD 168625 (Umana et al. 2010 [154]), this time through
spectral features indicating the presence of PAHs.
The three infrared fine structure lines mentioned above can be
used to determine the physical conditions in the PDR. But before that,
any possible contribution of the Hii region to the observed line in-
tensities must be determined and subtracted. Neutral oxygen can
be found only in neutral regions, because its ionization potential
(13.62 eV) is very close to the ionization potential of hydrogen. Con-
sequently, the lines [Oi] 63, 146 µm arise exclusively from the PDR
(Malhotra et al 2001. [81]). However, carbon is the fourth-most abun-
dant element and has an ionization potential (11.26 eV) lower than
that of hydrogen, so that C+ can be found both in PDRs and Hii re-
gions. Therefore, the line [Cii] 158 µm may arise from the Hii region
of the nebula WRAY 15-751 and/or from the associated PDR (Heiles
1994 [50]).
A first estimate of the contribution of the PDR to the flux of the
line [Cii] 158 µm can be obtained following the empirical method
described by Goicoechea et al. (2004 [36]). For each spaxel where
the [Nii] 122 µm is detected (Sect. 2.9), the [Cii] 158 µm emission
that comes from the ionized gas should scale with the [Nii] 122 µm,
since the latter arises exclusively in ionized regions. Fig. 2.9 shows
the correlation between the [Cii] 158 µm and the [Nii] 122 µm flux
52 the nebula around the lbv star wray 15-751
Figure 2.9: Correlation between the [Cii] 158 µm and [Nii] 122 µm line
fluxes for each spaxel where these two lines are detected.
for each spaxel where these two lines are detected. This correlation is
described by
F[Cii]158 = (0.16± 0.02) F[Nii]122 + (0.03± 0.01) , (2.7)
where F[Cii]158 is the 158 µm line flux and F[Nii]122 is the 122 µm
line flux in units of 10−15 W m−2. The constant term of this relation
represents the average [Cii] 158 µm flux per spaxel that arises in the
PDR. Assuming that the PDR extends as the dust nebula, i.e., over 18 ′′
in radius or ∼ 11 spaxels, we then find FPDR[Cii]158 ' (0.33±0.11)×10−15
W m−2.
Another estimate of the contribution of the PDR and the Hii re-
gions to the flux of [Cii] 158 µm line can be also obtained. As the
[Nii] 122 µm line arises exclusively in the ionized gas regions, mea-
surements of its flux can give an estimate of the contribution of the
Hii region to the flux of [Cii] 158 µm line, FHii[Cii]158 through a model.
We define FHii[Cii]158 = αF[Cii]158, where F[Cii]158 is the total flux of the
[Cii] 158 µm line from Table 2.2 and α a factor that has to be deter-
mined. The ratio of fractional ionization is given, as previously, by
〈C+〉
〈N+〉 =
FHii[Cii]158/ε[Cii]158
F[Nii]122/ε[Nii]122
. (2.8)
Malhotra et al. (2001. [81]) provided an estimate for this relation only
for the high, ne  ncrit, and the low, ne  ncrit, electron density limit,
where ncrit = 3.1× 102cm−3 for [Nii] 122 µm and ncrit = 50 cm−3
for [Cii] 158 µm. As neither of these two limits apply to our case,
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the emissivities were calculated using the package nebular for the as-
sumed Te and the measured ne. Assuming 〈C+〉/〈N+〉 = C/N, we
find
FHii[Cii]158
F[Nii]122
= (0.45± 0.06) C
N
. (2.9)
Since N/O has been estimated to be 1, we find that
logα = log
C
O
+ 0.31 , (2.10)
using the observed ratio F[Cii]158/F[Nii]122 = 0.222± 0.054.
To derive the temperature and density of the PDR as well as the
C/O abundance ratio, we plot the theoretical F[Oi]63/F[Oi]146 ratio
against the F[Oi]63/FPDR[Cii]158 ratio normalized to the solar (C/O) =
0.5 abundance ratio (Fig. 2.10), following a similar study by Liu et
al. (2001 [76]). To calculate the populations of the fine-structure levels
of C+ and O0, we solved the two- and three-level atom equilibrium
equations, respectively, considering that collisions with atomic hydro-
gen dominate in the PDR (Draine 2011 [27]). The radiative transition
probabilities, Aij, for the [Cii] and [Oi] fine-structure lines and the
electron collision strengths, Ωij, were taken from Draine (2011 [27]).
The collisional rate coefficients for the fine-structure excitation by hy-
drogen were taken from Barinovs et al. (2005 [2]) for [Cii] and from
Abrahamsson et al. (2007 [1]) for [Oi]. A simple analytic extrapolation
was made for temperatures higher than those given in these two refer-
ences2. Furthermore, if we assume that there is pressure equilibrium
between the Hii region and the PDR, we have (Tielens 2005 [146])
nH0kTPDR ' 2nekTe = (4.2± 1.8)× 106 cm−3K , (2.11)
where nH0 is the atomic hydrogen number density and TPDR is the
temperature of the PDR. This relation defines a locus of possible val-
ues in the diagram of Fig. 2.10.
Given the observed ratio F[Oi]63/F[Oi]146 = 8.4± 2.8 and the con-
straints from Eq. 2.11, we can derive from Fig. 2.10 log(F[Oi]63 /
FPDR[Cii]158) + [C/O] = 0.63, where [C/O] ≡ log(C/O) - log(C/O). Re-
calling that FPDR[Cii]158 = (1− α)F[Cii]158 and considering the above re-
lation between C/O and α (Eq. 2.10), the observed value of the line
ratios yields α = 0.82± 0.07 and C/O = 0.40± 0.19. Considering the
errors, the C/O abundance ratio of the nebula has the solar value.
C/H is then (1.7± 1.3)× 10−4 from the N/H, C/O and N/O abun-
dance ratios. The contribution of the Hii region to [Cii] 158 µm is then
FHii[Cii]158 = (0.99± 0.16)× 10−15 W m−2 while the contribution of the
PDR is FPDR[Cii]158 = (0.22± 0.09)× 10−15 W m−2. This value agrees with
the one obtained using the empirical method.
2 The difference between the diagram of Fig. 2.10 and the one in the study of Liu et al.
(2001 [76]) is due to the use of updated collision coefficients.
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Figure 2.10: Temperature-density PDR diagnostic diagram. The grid of flux
ratios F[Oi]63/F[Oi]146 versus F[Oi]63/FPDR[Cii]158 was calculated
by solving the level population equations for a range of tem-
peratures and densities. F[Oi]63/FPDR[Cii]158 is normalized to the
solar abundance (C/O) = 0.5 so that [C/O] ≡ log(C/O) -
log(C/O). The solid line corresponds to the pressure equi-
librium between the Hii region and the PDR, the two dotted
lines on each side accounting for the errors. The horizontal
dotted line represents the 1-σ upper limit of the observational
log(F[Oi]63/F[Oi]146) ratio.
The diagram in Fig. 2.10 also provides us with the values of the
density and the temperature of the PDR of the nebula, from the ob-
served F[Oi]63/F[Oi]146 ratio: lognH0 = 2.38± 0.18 and TPDR > 4000 K.
Given the constraints from Eq. 2.11, we estimate that TPDR ∼ 17500 K
but this value is very uncertain, within a factor of 2.
The incident FUV radiation field, G0, along with the density nH0 ,
describes the structure of the PDR. Expressed in terms of the average
interstellar radiation field, which corresponds to a unidirectional ra-
diation field of 1.6× 10−3 erg cm−2 s−1, it is given by (Tielens 2005
[146])
G0 = 625
L?χ
4piR2
(2.12)
at the distance R from the star, with L? the stellar luminosity and χ
the fraction of the luminosity above 6 eV. For an early B star, χ ∼ 0.7
(Young Owl et al. 2002 [174]). Considering L? = 105.8L (Sect. 2.5.1)
and the radius of the ionized gas region, which is surrounded by
the PDR, R = 0.32 pc, the incident FUV radiation field is found to be
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G0 ' 8.5× 104 for the PDR of the WRAY 15-751 nebula. This value is
consistent with the estimated PDR density, as our results are reason-
ably compatible with the diagnostic diagrams of the PDR models of
Kaufman et al. (1999 [67], Figs. 4 & 5).
The FUV radiation given by G0 is also absorbed and re-emitted
by the dust in the FIR. The radiative equilibrium gives us the dust
temperature, Tdust, which in case of silicates (i.e., β = 2) is given by
(Tielens 2005 [146])
Tdust = 50
(
1µm
a
)0.06(
G0
104
)1/6
K for Tdust < 250 K . (2.13)
As the small grains dominate the average cross-section, a typical grain
size of a = 0.1 µm can be assumed, which leads to a dust temperature
of Tdust = 81 K, in excellent agreement with the results of the 2-Dust
model.
The total mass of hydrogen in the PDR,MH, can be estimated from
the [Cii] 158 µm line flux derived for the PDR (Tielens 2005 [146]), us-
ing the equation given in Sect. 2.11. For the above PDR density, tem-
perature, distance and C/H abundance, the neutral hydrogen mass
in the PDR is estimated to be MH = 0.43± 0.35 M.
2.6.4 Total gas mass
The total gas mass of the nebula is the sum of the mass in the ionized
nebula and the mass in the PDR, corrected for the presence of helium,
i.e.,
Mgas = (1+ 4y) (Mi +MH) , (2.14)
where y = nHe/nH. Assuming a solar abundance for helium of 12+
log(He/H) = 10.93± 0.01 (Grevesse et al. 2010 [37]), the gas mass is
Mgas = 1.7±0.6M. Considering the calculated dust mass (Sect. 2.5.1),
the dust-to-gas mass ratio for the inner nebula isMdust/Mgas = 0.026±
0.010, i.e., ∼ 3%. If the He abundance is higher, as expected for an
evolved star, the total gas mass will be higher, typically 20% for a
He/H abundance ratio corresponding to the observed N/O abun-
dance ratio.
2.7 discussion
A summary of the measurements obtained in the previous sections is
given in Table 2.3. The luminosity, effective temperature and distance
of the central star are given first (from Hu et al. 1990 [55]; Sterken and
al. 2008 [142], and this work), followed by the parameters of the inner
and the outer dust shells, i.e., the radius, the expansion velocity (from
Hutsemékers and Van Drom 1991 [61]; assumed to be identical for
both shells), the kinematic age, the electron density and the assumed
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Star log L/L 5.7 ± 0.2
Teff (K) 30 000↔ 9000
D (kpc) 6.0 ± 1.0
Inner Shell r (pc) 0.5
vexp (km s−1) 26
tkin (104 yr) 1.9
ne (cm−3) 210 ± 80
Te (K) 10 000
N/O 1.00 ± 0.38
C/O 0.40 ± 0.19
12+log N/H 8.63 ± 0.20
Mdust (10−2 M) 4.5 ± 0.5
Mgas (M) 1.7 ± 0.6
Outer Shell r (pc) 2.0
tkin (104 yr) 7.5
Mdust (10−2 M) 5.0 ± 2.0
Table 2.3: Parameters of WRAY 15-751
temperature of the ionized gas, the abundance ratios, and the dust
and gas masses.
The Herschel-PACS FIR images of WRAY 15-751 reveal the dust neb-
ula as a shell of radius 0.5 pc and width 0.35 pc. These observations
also unveiled a second dust nebula, four times bigger, lying in an
empty cavity. As in the case of WR stars (Marston 1996 [84]), the empty
cavity probably corresponds to the interior of O-star wind bubble
formed when the star was on the main sequence.
Our study consistently shows that the main nebula is illuminated
by an average early-B star and consists of a shell of ionized gas sur-
rounded by a thin photodissociation region. Both these regions are
mixed with dust. The mass of this nebula amounts to ∼ 2 M ejected
∼ 2× 104 years ago. The second, larger and older nebula contains a
similar amount of mass if we assume a similar dust-to-gas ratio so
that, in total, ∼ 4 M of gas have been ejected within ∼ 6× 104 years.
This also indicates that the star had multiple episodes of intense mass-
loss. Moreover, it is possible that the very inner dense nebula spectro-
scopically detected by Hutsemékers and Van Drom (1991 [61]) and
resolved by Duncan and White (2002 [28]) constitutes a third ejection
some 103 years ago, assuming an angular radius of 1 ′′ (Duncan and
White 2002 [28]) and an expansion velocity of 26 km s−1, the same as
for the main ring nebula.
The N/O abundance ratio appears to be enhanced by a factor 8
with respect to the solar abundances given in Ekström et al. (2012
[29]). This confirms the presence of processed material in the nebula.
The C/O ratio, measured for the first time in a LBV nebula, is solar
within the uncertainties. These ratios correspond to an enhancement
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Figure 2.11: Evolutionary path in the HR diagram of a 40 M star of solar
metallicity and for initial rotation rates v/vcrit from 0 to 0.4, us-
ing the models of Ekström et al. (2012 [29]). The thicker lines
emphasize the part of the tracks compatible with the measure-
ments (cf. Fig. 2.12 and Fig. 2.13). For clarity, the tracks are
stopped at the beginning of the blue loop (data point no 210
in Ekström et al. 2012 [29]).
in N/H by a factor 6 and a depletion in C/H and O/H by a factor 1.4
with respect to the solar abundances.
The N/O ratio of 1.00± 0.38 is quite similar to the ratio measured
in the nebula around the LMC LBV R127 (Smith et al. 1998 [133]). The
12+log(N/H) abundance of 8.63± 0.20 is between the values for the
LBVs AG Car and η Car (Smith et al. 1998 [133]). The conclusion of
Smith et al. (1997 [132], 1998 [133]) that LBV nebulae contain only
mildly enriched material with respect to CNO equilibrium values and
thus were ejected during a previous RSG or Yellow Super Giant (YSG)
phase therefore applies to WRAY 15-751, especially as the star is less
luminous, logL/L = 5.7± 0.2, i.e., just at or below the Humphreys-
Davidson limit. In addition, the nebula has a relatively low expansion
velocity of 26 km/s, more compatible with RSG outflows than the
higher velocities measured in more luminous LBVs such as AG Car.
The ejection of the WRAY 15-751 nebula during an RSG phase was
also proposed by Voors et al. (2000 [164]) on the basis on its dust
composition.
Our observations can be used to constrain the evolutionary path
of the star and the epoch of ejection of the nebula. Given its luminos-
ity, WRAY 15-751 is expected to result from the evolution of a star of
initial mass in the range 40−60M. Figs. 2.11, 2.12, and 2.13 show the
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Figure 2.12: Evolution of the N/O versus the C/O surface abundance ra-
tios for a 40 M star of solar metallicity and for initial rotation
rates v/vcrit from 0 to 0.4, using the models of Ekström et al.
(2012 [29]). The dashed lines correspond to the values measured
for the inner shell around WRAY 15-751, with their errors. The
thicker lines emphasize the part of the tracks compatible with
the measurements. For clarity, the tracks are stopped at the be-
ginning of the blue loop (data point no 210 in Ekström et al.
2012 [29]).
evolution of some properties of a 40 M star using the models of Ek-
ström et al. (2012 [29]). Four different cases of stellar rotation are con-
sidered, from no rotation to a rotation rate of v/vcrit=0.4. The tracks
are first compared with the observed N/O and C/O abundance ratio
to identify the part of the tracks where the computed surface abun-
dances match the observed nebular abundances (Fig. 2.12). Possible
tracks were additionally constrained when compared with the ob-
served mass-loss rate (Fig. 2.13). The mass-loss rate is estimated from
the mass of the inner nebula divided by the duration of the enhanced
mass-loss episode (estimated from the kinematic age), i.e., the time
needed to cover the ring width: log M˙ = −3.8± 0.2, accounting for
an increase of the mass of 20% due to the higher He/H abundance
at that time. These constraints are finally reported in the HR diagram
(Fig. 2.11) to identify the locus of the ejection of the inner nebula. The
model appears to remarkably agree with the observations, support-
ing the scenario of an ejection of the nebula during the RSG phase3.
The N/H enhancement factor as well as the C/H and O/H depletion
factors predicted by the model also agree with the observed values.
3 We loosely use the term RSG for the reddest part of the tracks in the HR diagram,
while strictly speaking RSG have log Teff < 3.65.
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Figure 2.13: Evolution of the N/O surface abundance ratio as a function of
the mass-loss rate for a 40 M star of solar metallicity and for
initial rotation rates v/vcrit from 0 to 0.4, using the models of
Ekström et al. (2012 [29]). The dashed lines correspond to the
values measured for the inner shell around WRAY 15-751, with
their errors. The thicker lines emphasize the part of the tracks
compatible with the measurements. For clarity, the tracks are
stopped at the beginning of the blue loop (data point no 210 in
Ekström et al. 2012 [29]).
The mild N/O enrichment indicates that the star cannot be a fast ro-
tator, the v/vcrit=0.4 track being clearly excluded. A similar result is
obtained for a 45 M star except that the only possible tracks have
v/vcrit= 0.0 and 0.1. For a 50 M star, no track satisfies the observa-
tional constraints.
The time between the ejections of the outer and the inner nebulae,
about 6× 104 years, is compatible with the duration of the RSG phase
of a 40 M star, as computed by the model. Thus, the outer nebula
could also have been ejected during this phase, especially in the mod-
els with v/vcrit < 0.2 for which the inner, younger nebula is ejected
closer to the end of the RSG phase than to the beginning (Fig. 2.11).
The total mass lost during the RSG phase amounts to 8− 9 M in the
model. Although higher, this is compatible with our value of 4± 2
M, recalling that the value for the outer nebula is particularly uncer-
tain due to the unknown dust-to-gas ratio and He abundance.
Our results suggest that the ejection of the nebula does not occur
because the star is rotating close to the critical velocity, as proposed by
Meynet et al. (2011 [92]). Moreover, the existence of multiple nebular
shells points to an instability mechanism at work during the RSG evo-
lutionary stage and not to a continuous wind. In particular, models
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by Stothers and Chin (1996 [143]) suggest that LBV nebulae can result
from strong, closely spaced mass-loss episodes in the RSG phase and
not from a continuous wind. For a 45 M star, they found that about
4 M can be ejected, in agreement with our measurements.
While our results support the scenario of an ejection of LBV in the
RSG phase, the study of Lamers et al. (2001 [72]) reached the conclu-
sion that LBV nebulae were ejected during the Blue Super Giant (BSG)
phase with high rotational velocities, and not during the RSG stage.
However, Lamers et al. (2001 [72]) only considered very luminous
LBVs (logL/L > 5.8), while WRAY 15-751 is a lower luminosity LBV.
Moreover, the nebula around WRAY 15-751 is only weakly bipolar
compared with other LBV nebulae such as those around AG Car or
HR Car, in qualitative agreement with little effect of rotation. Finally,
the discovery of a dusty LBV-like ring nebula around the YSG Hen3-
1379, which is very similar to WRAY 15-751, also supports the ejec-
tion of nebulae during the RSG phase (Hutsemékers et al. 2013 [62]).
Therefore, high-luminosity and low-luminosity LBVs probably follow
different evolutionary paths.
Our results are compatible with the evolutionary model of an ∼
40 M star and the O–BSG–RSG–YSG–LBV filiation. According to Toalá
and Arthur (2011 [148]), an ∼ 40 M star creates a bubble of radius ∼
25 pc as a main- sequence O star, in agreement with the structure ten-
tatively observed in Fig. 2.4. Then, when an RSG, the star ejects several
solar masses of material in the cavity previously created, forming the
observed dusty nebulae. It is interesting to note that in this scenario,
the age of WRAY 15-751 since the ejection of the last nebula is only
∼ 2× 104 years, which corresponds in the computed tracks of Fig. 2.11
to the loop at log Teff ∼ 4.1. Higher temperatures are only reached
∼ 105 years later. It is not clear whether a star at that location in the
HR diagram, which corresponds to a hot YSG, can have the LBV-like in-
stability properties currently displayed by WRAY 15-751. This might
indicate that the LBV phenomenon could occur at different evolution-
ary stages. Determining the surface abundances of WRAY 15-751 in
its present stage might help to constrain this scenario more closely.
2.8 conclusions
We have presented the analysis of Hershel PACS imaging and spectro-
scopic data of the nebula around the LBV Wray 15-751, together with
new optical-imaging data. The FIR images clearly show that the main,
dusty nebula is a shell extending outside the well-known Hα neb-
ula. Furthermore, these images reveal a second, bigger and fainter
dust nebula that is observed for the first time. The two nebulae lie in
an empty cavity, very likely the remnant of the O-star wind bubble
formed when the star was on the main sequence.
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The dust parameters of the main nebula were determined based
on dust modeling. This model shows that the FIR emission did not
significantly change during the different phases of the S Dor cycle.
This stability points to a stellar variation under essentially constant
luminosity. We also found that Fe-rich dust is needed to reproduce
the data. This is not unexpected in LBV nebulae as a consequence of
depletion of C and O with respect to heavier elements (Gail et al. 2005
[33]).
The FIR spectrum of the main nebula contains forbidden emission
lines coming from an ionized region and from a photodissociation
region, from which we derived the gas parameters, such as the C, N,
O abundances and the ejected gas mass, with the C/O ratio measured
for the first time in an LBV nebula. As a result of this study, the main
shell nebula consists of an ionized gas region which is surrounded
by a thin PDR, both regions being mixed with the dust. As expected
for such an evolved star, the nebula shows N enrichment and C, O
depletion.
The measured abundances, masses and kinematic ages of the neb-
ulae were used to constrain the evolution of the star and the epoch at
which the nebulae were ejected. Our results point to an ejection of the
nebulae during the RSG evolutionary phase of an ∼ 40 M star. The
multiple shells around the star suggest that the mechanism of mass-
loss is not a continuous wind but instead a series of short episodes of
extreme mass-loss.
This scenario is compatible with the recent evolutionary tracks
computed for an ∼ 40 M star with little rotation, in particular the
O–BSG–RSG–YSG–LBV filiation although it should be stressed that post-
main-sequence evolutionary tracks of massive stars are still very un-
certain, in particular since they rely on poorly known mass-loss mech-
anisms and rates. If the evolutionary tracks are correct, our results
support the idea that high-luminosity and low-luminosity LBVs fol-
low different evolutionary paths. The forthcoming analysis of similar
data for higher luminosity LBVs (e.g., AG Car) and for LBVs known
to be fast rotators (e.g., HR Car) should allow us to constrain this
scenario more closely.
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2.9 appendix a : emission line fluxes for each spaxel
Table 2.4 gives the results of the emission line flux measurements for
each spaxel. The first column contains the detected ions along with
the spectral band in which the corresponding line was measured. The
following columns contain the line fluxes, expressed in W/m2, along
with their errors. The spaxel numbers (Fig. 2.5) are mentioned in ev-
ery cell of the table. No spectral lines were detected in the western
column of the spectrometric camera (spaxels [0,0] to [4,0]), and these
spaxels were hence not included in the table. The quoted uncertain-
ties are the sum of the line-fitting uncertainty plus the uncertainty
due to the position of the continuum.
2.10 appendix b : ionized nebula
The formulae needed to estimate the nebular mass and the ionizing
flux from both Hα and radio emissions are re-derived here for consis-
tency of hypotheses and notations.
2.10.1 Hα emission
The luminosity in the Hα recombination line, integrated over the vol-
ume V of the nebula, is given by (Osterbrock & Ferland 2006 [107])
L(Hα) =
∫
V
4pijHαdV , (2.15)
where  is the filling factor that gives the fraction of the volume of the
nebula that is filled by ionized gas, and jHα is the Hα line emission
coefficient. The flux received by the observer is
F0(Hα) =
L(Hα)
4piD2
, (2.16)
where D is the distance to the nebula. By integrating over the volume,
assuming a spherical uniform nebula of radius R and considering the
effective recombination coefficient αeff = (4pij)/(nenphν), we have
F0(Hα) =
(
R3
3D2
)
hνHanenpα
eff
Ha , (2.17)
where ne is the electron density, np is the proton density, h is the
Plank’s constant and νHa is the frequency of the Hα line.
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The mass of the ionized nebula, Mi, is equal to
Mi =
4pi
3
R3µ+npmH , (2.18)
with mH being the H atomic mass and µ+ the mean ionic mass per
H ion. By replacing ne in the Eq. 2.17 with ne = xenp and combining
it with Eq. 2.18, the ionized mass can be written as
Mi(Hα) =
4piµ+mH√
3hνHaxeα
eff
Ha
1/2θ3/2D5/2F
1/2
0 (Hα) , (2.19)
where θ is the angular radius of the nebula (R = θD) in Hα. By
replacing the effective recombination coefficient with the following
formula, taken from Draine (2011 [27]),
αeffHα = 1.17× 10−13T (−0.942−0.031lnT4)4 cm3s−1 , (2.20)
where T4 = Te/(104 K) and Te is the electron temperature, we obtain
the following expression for the ionized mass of the nebula in solar
masses
Mi(Hα) = 57.9
1+ 4y+√
1+ y+
T
(0.471+0.015lnT4)
4 
1/2θ3/2D5/2F
1/2
0 (Hα) ,
(2.21)
where θ is in arcsec, D is in kpc and F0(Hα) is in ergs cm−2 s−1.
With nH+ = np, nHe+ and nHe++ the ionized hydrogen, ionized he-
lium and doubly ionized helium number densities, respectively, xe =
ne/np ' 1+nHe+/nH+ = 1+y+ and µ+ ' 1+ 4nHe+/nH+ = 1+ 4y+
assuming nHe++ = 0 and denoting y+ = nHe+/nH+ .
The number of hydrogen ionizing photons per unit time, Q(H0),
emitted by a nebula in equilibrium is given by (Osterbrock and Fer-
land 2006 [107])
Q(H0) = nenpαBV , (2.22)
where αB is the recombination coefficient given by the following
equation, taken from Draine (2011 [27]),
αB = 2.54× 10−13T (−0.8163−0.0208lnT4)4 cm3s−1 . (2.23)
The combination of the two previous equations gives us the radius,
RS, which is the radius of the Strömgren sphere
RS = 3.17
(xe

)1/3 ( ne
100
)−2/3
T
(0.272+0.007lnT4)
4
(
Q(H0)
1049
)1/3
(2.24)
in units of pc. By combining this equation with the Eq. 2.17, with
R = RS (ionization bounded nebula), the rate of emission of hydrogen-
ionizing photons for a given Hα flux, in photons per second is
Q0(Hα) = 8.59× 1055T (0.126+0.01lnT4)4 D2F0(Hα) . (2.25)
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2.10.2 Continuum radio emission
In the radio frequency region, where hν  kT , the Plank law can be
written as
Bν =
2ν2kT
c2
, (2.26)
where Bν = jν/κν, with jν and κν the emission and absorption coef-
ficients at a given frequency ν, respectively.
The radio flux density at a distance D from the nebula is given by
Sν =
Lν
4piD2
, (2.27)
with Lν =
∫
V 4pijνdV . Assuming that the nebula is an optically thin
sphere of radius R, the radio flux density can then be written
Sν =
(
4piR3
3D2
)
Bνκν . (2.28)
The continuum free-free effective absorption coefficient at radio
frequencies is given by (Osterbrock and Ferland 2006 [107])
κν = 8.24× 10−2T−1.35e ν−2.1n+ne , (2.29)
where the temperature Te is in K and the frequency ν is in GHz. The
ion density is equal to n+ = nH+ +nHe+ = ne.
The ionized mass of the nebula is defined by Eq. 2.18. By adopting
the same formalism as in the first part of this Appendix, the ionized
mass in solar masses is finally found to be
Mi(radio) = 5.82× 10−5
1+ 4y+
1+ y+
T0.1754
( ν
4.9
)0.05
1/2θ3/2D5/2S
1/2
ν ,
(2.30)
where ν is the radio frequency in GHz, θ is the angular radius of the
ionized nebula in arcsec, D is the distance to the nebula in kpc and
Sν is the radio flux density in mJy.
The rate of emission of hydrogen-ionizing photons, for a given
radio flux density, can be found by combining Eq. 2.24 and 2.28:
Q0(radio) = 8.72× 1043T (−0.466−0.0208lnT4)4
( ν
4.9
)0.1
x−1e D
2Sν . (2.31)
2.11 appendix c : photodissociation region
According to Tielens (2005 [146]), the total mass of hydrogen in the
PDR is given by
MH =
4piD2mH
XCAulElu
(
gl
gu
exp[Elu/kTPDR] + 1
)
F[Cii] , (2.32)
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where XC is the C/H abundance in number, TPDR the temperature of
the gas, gl, glu, Aul and Elu the statistical weights, transition proba-
bility and energy difference of the levels involved to this transition,
D the distance to the star and F[Cii] the observed [Cii] 158 µm flux.
From the cooling law, we have that (Tielens 2005 [146])
nuAulhνul =
(gu/gl)exp[−hνul/kTPDR]
1+ncrit/nH0 + (gu/gl)exp[−hνul/kTPDR] + 1
, (2.33)
where nH0 is the number density of atomic hydrogen and the ncrit
the critical density, given by ncrit = 3.2× 103T−0.1281−0.0087lnT22 cm−3
where T2 = TPDR/(102 K) (Draine 2011 [27]). By replacing the known
parameters with their values and by considering that TPDR  Eul/k =
92K, we finally have
MH(M) = 4.93× 109
(
1+
ncrit/nH0
3
)
D2
(
F[Cii]
XC
)
, (2.34)
where D is in kpc and F[Cii] is in W m−2.
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Ion λ (band) F±∆F F±∆F F±∆F F±∆F
(µm) (10−15 W m−2) (10−15 W m−2) (10−15 W m−2) (10−15 W m−2)
spaxel 4,4 spaxel 4,3 spaxel 4,2 spaxel 4,1
[Niii] 57 (B2A) - - - -
[Oi] 63 (B2A) - - - -
[Niii] 57 (B3A) - - - -
[Oi] 63 (B3A) - - - -
[Oiii] 88 (B2B) - - 0.13 ± 0.03 -
[Nii] 122 (R1B) - 0.09 ± 0.02 0.10 ± 0.02 -
[Oi] 146 (R1B) - - - -
[Cii] 158 (R1B) 0.04 ± 0.01 0.06 ± 0.01 0.03 ± 0.01 0.04 ± 0.01
[Cii] 158 (R1A) 0.05 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 -
[Nii] 205 (R1A) - - - -
spaxel 3,4 spaxel 3,3 spaxel 3,2 spaxel 3,1
[Niii] 57 (B2A) - 0.29 ± 0.08 0.24 ± 0.09 -
[Oi] 63 (B2A) - 0.15 ± 0.06 0.26 ± 0.06 -
[Niii] 57 (B3A) - 0.16 ± 0.08 0.18 ± 0.07 -
[Oi] 63 (B3A) - 0.11 ± 0.07 0.13 ± 0.06 -
[Oiii] 88 (B2B) - 0.10 ± 0.04 0.10 ± 0.03 0.10 ± 0.04
[Nii] 122 (R1B) 0.06 ± 0.02 0.50 ± 0.02 0.71 ± 0.02 0.04 ± 0.02
[Oi] 146 (R1B) - - - -
[Cii] 158 (R1B) 0.07 ± 0.01 0.11 ± 0.01 0.14 ± 0.01 0.02 ± 0.01
[Cii] 158 (R1A) 0.05 ± 0.01 0.14 ± 0.01 0.16 ± 0.01 0.04 ± 0.01
[Nii] 205 (R1A) - - - -
spaxel 2,4 spaxel 2,3 spaxel 2,2 spaxel 2,1
[Niii] 57 (B2A) - 0.18 ± 0.08 0.25 ± 0.08 0.23 ± 0.08
[Oi] 63 (B2A) - 0.17 ± 0.06 0.40 ± 0.06 -
[Niii] 57 (B3A) - 0.27 ± 0.08 0.25 ± 0.07 -
[Oi] 63 (B3A) - 0.14 ± 0.06 0.35 ± 0.06 -
[Oiii] 88 (B2B) 0.12 ± 0.04 0.08 ± 0.04 0.14 ± 0.04 0.11 ± 0.04
[Nii] 122 (R1B) 0.11 ± 0.02 0.74 ± 0.02 0.71 ± 0.02 0.27 ± 0.02
[Oi] 146 (R1B) - - 0.02 ± 0.01 -
[Cii] 158 (R1B) 0.06 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 0.06 ± 0.01
[Cii] 158 (R1A) 0.07 ± 0.01 0.16± 0.01 0.16 ± 0.01 0.07 ± 0.01
[Nii] 205 (R1A) - 0.17 ± 0.03 0.26 ± 0.04 -
spaxel 1,4 spaxel 1,3 spaxel 1,2 spaxel 1,1
[Niii] 57 (B2A) - 0.12 ± 0.08 0.23 ± 0.08 0.17 ± 0.08
[Oi] 63 (B2A) - 0.07 ± 0.06 - -
[Niii] 57 (B3A) - - 0.19 ± 0.07 -
[Oi] 63 (B3A) - - 0.18 ± 0.06 -
[Oiii] 88 (B2B) 0.08 ± 0.04 - 0.11 ± 0.03 0.07 ± 0.02
[Nii] 122 (R1B) 0.06 ± 0.02 0.45 ± 0.02 0.51 ±0.02 0.24 ± 0.02
[Oi] 146 (R1B) - - - -
[Cii] 158 (R1B) 0.03 ± 0.01 0.07 ± 0.01 0.09 ± 0.01 0.03 ± 0.01
[Cii] 158 (R1A) 0.04 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.05 ± 0.01
[Nii] 205 (R1A) - - - -
spaxel 0,4 spaxel 0,3 spaxel 0,2 spaxel 0,1
[Niii] 57 (B2A) - 0.17 ± 0.08 - -
[Oi] 63 (B2A) - - - -
[Niii] 57 (B3A) - - - -
[Oi] 63 (B3A) - - - -
[Oiii] 88 (B2B) - - - -
[Nii] 122 (R1B) - 0.11 ± 0.02 0.13 ± 0.02 -
[Oi] 146 (R1B) - - - -
[Cii] 158 (R1B) - 0.02 ± 0.01 - -
[Cii] 158 (R1A) - 0.04 ± 0.01 - -
[Nii] 205 (R1A) - - - -
Table 2.4: Line fluxes in each spaxel. A dash indicates a poor S/N or a non-
detection. The spatial configuration corresponds to the footprint
of the PACS-spectrometer as it is displayed in Fig. 2.5.
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T H E N E B U L A A R O U N D T H E L B V S T A R A G C A R
The second object of this study is the nebula around the well known
LBV star AG Car. Despite that numerous studies of this nebula exist, it
was chosen to be part of this thesis because its central star has a higher
luminosity than the LBV WRAY 15-751, so it is very interesting to
compare the results for these two targets in terms of the massive star
evolution. For this purpose, an analysis of the Herschel imaging and
spectroscopic data of this nebula that is similar to the analysis of the
WRAY 15-751 data was performed. The initial aim was to see whether
or not LBV with different luminosity and consequently different initial
stellar mass can eject material through episodes of extreme mass-loss
during different evolutionary stages.
This analysis was published in Astronomy & Astrophysics (2015
A&A, 578, A108). The paper is reproduced in the next pages. It is or-
ganized as follows. An introduction to the study of this nebula is first
given, including important results of previous studies. The descrip-
tion of the observations is given immediately after. The morphology
of the nebula is then described, considering the Herschel infrared and
the optical imaging data. The analysis of the infrared spectrum fol-
lows, where the dust continuum emission is analyzed and the emis-
sion line spectrum is discussed. The properties of the dust and the
gas are estimated and a discussion on the evolution of the central star
is performed.
The analysis of the infrared data in combination to the optical
imaging data revealed a dusty ring nebula with non-uniform bright-
ness that coincides with the ionized gas nebula but extends further
out. A PDR surrounds the ionized gas region as was also the case for
WRAY 15-751 nebula. The nebula around AG Car is also composed
of enriched material. Our observational data are in agreement with
a nebular ejection during a LBV phase of the central star of about 55
M with little rotation, considering the available theoretical models
of stellar evolution. The comparison to the results for the lower lumi-
nosity LBV WRAY 15-751 indicates that LBV nebulae can be ejected at
different evolutionary phases of their central star, depending on its
luminosity.
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THE HERSCHEL VIEW OF THE NEBULA AROUND THE
LUMINOUS BLUE VARIABLE STAR AG CARINAE
Vamvatira-Nakou, C., Hutsemékers, D., Royer, P., Cox, N. L. J., Nazé, Y.,
Rauw, G., Waelkens, C., and Groenewegen, M. A. T.
Abstract
Far-infrared Herschel PACS imaging and spectroscopic observations
of the nebula around the luminous blue variable (LBV) star AG Car
have been obtained along with optical imaging in the Hα+[Nii] filter.
In the infrared light, the nebula appears as a clumpy ring shell that
extends up to 1.2 pc with an inner radius of 0.4 pc. It coincides with
the Hα nebula, but extends further out. Dust modeling of the nebula
was performed and indicates the presence of large grains. The dust
mass is estimated to be ∼ 0.2 M. The infrared spectrum of the nebula
consists of forbidden emission lines over a dust continuum. Apart
from ionized gas, these lines also indicate the existence of neutral gas
in a photodissociation region that surrounds the ionized region. The
abundance ratios point towards enrichment by processed material.
The total mass of the nebula ejected from the central star amounts to ∼
15 M, assuming a dust-to-gas ratio typical of LBVs. The abundances
and the mass-loss rate were used to constrain the evolutionary path
of the central star and the epoch at which the nebula was ejected, with
the help of available evolutionary models. This suggests an ejection
during a cool LBV phase for a star of ∼ 55 M with little rotation.
3.1 introduction
The term “luminous blue variable” LBV was used by Conti (1984 [19])
for the first time and referred to hot luminous massive variable stars
that are evolved, but are not WR stars. Nowadays, LBVs, also known
as S Doradus variables, are considered to be massive evolved stars
mainly characterized by a) high luminosity, ∼ 106 L; b) photometric
variability with amplitudes from ∼ 0.1 mag (small oscillations) up
to > 2 mag (giant eruptions); and c) high mass-loss rates ∼ 10−5 −
10−4 M yr−1 (Humphreys & Davidson 1994 [117]). Their location
on the HR diagram is in the upper left part although some of them
undergo occasional excursions to the right.
An early-type O star with initial mass > 30 M evolves to a WR
star by losing a significant fraction of its initial mass. LBVs represent a
short stage (∼ 104− 105 yr) in this evolutionary path according to cur-
rent evolutionary scenarios (Maeder & Meynet 2010 [79]). Although
stellar winds can be responsible for stellar mass-loss, the mass-loss
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rates of O stars have been revised downward in the past few years
(Bouret et al. 2005 [8]; Fullerton et al. 2006 [32]; Puls et al. 2008 [116]).
Consequently, episodes of extreme mass-loss during an intermediate
evolutionary phase, like a LBV or a RSG phase, are now thought to play
a key role, which is why the study of the LBVs and their circumstellar
environments is crucial for understanding massive star evolution.
Such extreme mass-loss leads to the formation of ejected nebulae,
which have been observed around many LBVs (Hutsemékers 1994 [59];
Nota et al. 1995 [103]). They are classified into three categories accord-
ing to their morphology: shell nebulae, filamentary nebulae and pecu-
liar morphologies (Nota et al. 1995 [103]). The study of these circum-
stellar environments can reveal the mass-loss history of the central
star since they are formed by the material that has been ejected from
the central star in a previous evolutionary phase. Dust and molecular
gas (CO) have been revealed by infrared and millimeter studies of
LBV nebulae (McGregor et al. 1988 [88]; Hutsemékers 1997 [60]; Nota
et al. 2002 [105]).
Some LBVs are surrounded by more than one nebulae. This is the
case of the LBV G79.29+0.46. Near-infrared and millimeter data ana-
lyzed by Jiménez-Esteban et al. (2010 [65]) revealed multiple shells
around this star. Infrared observations by the Herschel Space Observa-
tory (Pilbratt et al. 2010 [113]) revealed a second nebula around the
LBV WRAY 15-751 (Vamvatira-Nakou et al. 2013 [156])
AG Car (=HD 94910 =IRAS 10541-6011) is a well-studied proto-
typical LBV. Its variability was first discovered by Wood (1914 [172]).
It was first classified as a P Cygni star by Cannon (1916 [9]) and fi-
nally classified as a LBV by Humphreys (1989 [56]). Numerous studies
show that this star exhibits photometric and spectroscopic variability.
In the optical V-band, the photometric changes during the S Dor cy-
cle are about 2 mag on a timescale of 5− 10 years (Stahl 1986 [138];
van Genderen et al. 1988 [160]; Leitherer et al. 1992 [74]; Sterken et
al. 1996 [141]). In addition, smaller variations of 0.1− 0.5 mag on a
timescale of about 1 year were discovered (van Genderen et al. 1997
[162]). During the periods of visual minimum, AG Car has a spectrum
of a WR star, with Ofpe/WN9 spectral type according to Stahl (1986
[138]) and with WN11 according to a more recent study of Smith et al.
(1994 [131]). During the periods of visual maximum, AG Car’s spec-
trum corresponds to that of an early-A hypergiant (Wolf & Stahl 1982
[169]; Stahl et al. 2001 [140]).
Humphreys et al. (1989 [58]) concluded that the distance to AG
Car is 6± 1 kpc, based on the calculated kinematic distance and on
the observed variation of the interstellar extinction with distance. This
result was confirmed by Hoekzema et al. (1992 [52]), based again on
the extinction versus distance relation. Stahl et al. (2001 [140]) sug-
gested a slightly lower distance of 5− 6 kpc based on their calcula-
tions of the heliocentric systemic velocity of AG Car (10± 5 km s−1),
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which is compatible with the value of Humphreys et al. (1989 [58])
considering the errors. Groh et al. (2009 [41]) calculated a similar sys-
temic velocity. Consequently, the value of 6± 1 kpc that encompasses
all measurements is adopted for all calculations in this study.
Lamers et al. (1989 [71]) calculated logL/L = 6.2± 0.2 for the lu-
minosity of AG Car and showed that it remains constant during the
light variations of the star, as was also found for other LBVs (R71:
Wolf et al. 1981 [170]; R127: Stahl and Wolf 1986 [139]). Later on,
Leitherer et al. (1994 [75]), in their study of the stellar wind of AG
Car, found a slightly lower bolometric luminosity of 6.0± 0.2 based
on ultraviolet observations combined with visual and near-infrared
photometry. They also confirmed the nonvariability of the bolometric
luminosity during the S Dor cycle. Given such a high value of bolo-
metric luminosity, AG Car is well above the Humphreys-Davidson
limit (Humphreys and Davidson 1979 [57]), the limit above which
a massive star becomes unstable and high mass loss episodes take
place. However, in a recent study of the fundamental parameters of
AG Car during visual minima, Groh et al. (2009 [41]) concluded that
the bolometric luminosity of AG Car does change during the S Dor
cycle. They obtained a maximum value of the bolometric luminosity
during minimum phase of logL/L = 6.18, with a variation ampli-
tude of ∆(logL/L) ∼ 0.17 dex. This luminosity variation lies inside
the limits of the previously calculated values considering the errors.
In all these studies, the distance 6± 1 kpc was used.
Thackeray (1950 [145]) discovered that AG Car is surrounded by
a nebulous shell that has the shape of an elliptical ring with nonuni-
form intensity. He measured the size of the nebula to be 39 ′′ × 30 ′′
and the width of the ring to be about 5 ′′. Stahl (1987 [137]) studied
direct CCD imaging data of AG Car and suggested that very likely the
nebula around this star is the result of a heavy mass-loss episode that
took place during an S Dor outburst and not the result of interstel-
lar material that was swept up by the stellar wind. Smith (1991 [129])
studied the dynamics of AG Car nebula based on spectroscopic obser-
vations in the optical waveband. She measured an average nebular ex-
pansion velocity of 70 km s−1 and concluded that the shell expansion
is roughly symmetrical. She also reported the presence of a jet-like
bipolar mass outflow, expanding with a velocity of 83 km s−1 and dis-
torting the northeastern edge of the shell. Nota et al. (1992 [101]) stud-
ied the nebula around AG Car using high-resolution coronographic
imaging and spectroscopic data so as to constrain its geometry. They
confirmed the value of the expansion velocity of Smith (1991 [129])
and concluded that this nebular shell shows a deviation from spher-
ical symmetry, based on the observed radial velocity variations and
on the gas distribution observed in the images.
Voors et al. (2000 [164]) studied AG Car in the infrared waveband
by modeling ground-based infrared images taken at about 10 µm and
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ISO spectroscopic observations, from which they derived the proper-
ties of the circumstellar dust. The dust shell is detached and slightly
elongated. The ionized gas appears co-spatial with the dust. PAHs are
present. The dust shell contains mostly large grains, although very
large grains are present and also a population of small, warm, out of
thermal equilibrium grains that produce continuum and PAH bands
emission.
Duncan and White (2002 [28]) observed the AG Car nebula at the
radio wavelengths (3 and 6 cm). Their 3 cm wavelength radio image
revealed a nebula with a detached ring shape, very similar to the
morphology in the Hα+[Nii] filter (see Sect. 3.3).
Nota et al. (2002 [105]) detected 12CO J = 1 → 0 and J = 2 → 1
emission from AG Car for the first time. The CO line profiles indicate
a region of molecular gas that is close to the star, expanding slowly
and not originating from the gaseous nebula. They argued that the
most plausible scenario to explain the observed profile is the presence
of a circumstellar disk.
Weis (2008 [167]), using deep Hα imaging, reported the presence
of diffuse emission in the form of a cone-like extension to the north of
the AG Car nebula and concluded that it is clearly part of the nebula.
It extends up to 28 ′′ outside the nebula, increasing its size by about
two times. It has a higher radial velocity than the ring.
In this study we present an analysis and discussion of the images
and the spectrum of the AG Car nebula taken by PACS (Poglitsch
et al. 2010 [115]), which is one of the three instruments on board
the Herschel Space Observatory. The paper is organized as follows.
In Sect. 3.2 the observations and the data reduction procedure are
presented. A description of the nebular morphology based on these
observations is given in Sect. 3.3. The dust continuum emission is
modeled in Sect. 3.4, while the emission line spectrum is analyzed in
Sect. 3.5. In Sect. 3.6 a general discussion is presented and in Sect. 3.7
conclusions are drawn.
3.2 observations and data reduction
3.2.1 Infrared observations
The infrared observations include imaging and spectroscopy of the
AG Car nebula and were carried out using PACS in the framework
of the MESS Guaranteed Time Key Program (Groenewegen et al. 2011
[39]).
The PACS imaging observations were carried out on August 12,
2010, which corresponds to Herschel’s OD 456. The observing mode
was the scan map in which the telescope slews at constant speed (in
our case the “medium” speed of 20 ′′/s) along parallel lines in order
to cover the required area of the sky. Two orthogonal scan maps were
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obtained for each filter. Our final data set consists of maps at 70, 100
and 160 µm. The obsIDs of the four scans are 1342202927, 1342202928,
1342202929, and 1342202930; each scan has a duration of 157 s.
To perform the data reduction we used HIPE (Ott 2010 [108]) up
to level 1. Subsequently, the data were reduced and combined using
the Scanamorphos software (Roussel 2013 [119]). The pixel size in
the final maps is 2 ′′ in the blue channel (70, 100 µm) and 3 ′′ in the
red channel (160 µm). It should be mentioned that the Herschel PACS
PSF FWHMs are 5.2 ′′, 7.7 ′′, and 12 ′′ at 70 µm, 100 µm and 160 µm,
respectively.
The spectrum of the AG Car nebula was taken on June 5, 2010
(OD 387), with the PACS integral-field spectrometer that covers the
wavelength range from 52 µm to 220 µm in two channels that operate
simultaneously in the blue 52-98 µm band (second order: B2A 52-73
µm and B2B 70-105 µm), and the red 102-220 µm band (first order:
R1A 133-220 µm and R1B 102-203 µm). Simultaneous imaging of a
47 ′′ × 47 ′′ field of view is provided that is resolved in 5× 5 square
spatial pixels (i.e., spaxels). The two-dimensional field of view is then
rearranged along a 1× 25 pixel entrance slit for the grating via an
image slicer employing reflective optics. Its resolving power is λ/δλ ∼
940−5500 depending on the wavelength. The observing template was
the SED that provides a complete coverage between 52 and 220 µm.
The two obsIDs are 1342197792 and 1342197793. HIPE was also used for
the data reduction. The standard reduction steps were followed and
in particular the subtraction of the background spectrum obtained
through chopping and nodding.
3.2.2 Visible observations
The optical images of the AG Car nebulae were obtained on April
6, 1995, with the 3.6 m telescope at the ESO, La Silla, Chile. A se-
ries of short (1s-10s) and longer (30s-60s) exposures were secured in
a Hα+[Nii] filter (λc = 6560.5Å ; FWHM =62.2Å ) and in a contin-
uum filter just redwards (λc = 6644.7Å; FWHM = 61.0Å ). The EFOSC1
camera was used in its coronographic mode: for the longer expo-
sures, the 8 ′′ circular coronographic mask was inserted in the aper-
ture wheel and positioned on the central star while the Lyot stop was
inserted in the grism wheel (Melnick et al. 1988 [64]). The frames were
bias-corrected and flat-fielded. The CCD pixel size was 0.605 ′′ on the
sky. The night was photometric and the seeing around 1.2 ′′. In order
to properly calibrate the images, three spectrophotometric standard
stars and three planetary nebulae with known Hα flux were observed
in the Hα+[Nii] filter.
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Figure 3.1: Images of the nebula around AG Car. Top: PACS images at 70 µm,
100 µm, and 160 µm from left to right. Bottom: the Hα+[Nii] im-
age (left), the continuum image (right) and the image resulting
from the subtraction of the continuum image from the Hα+[Nii]
image after correcting for the position offsets and for the dif-
ferent filter transmissions using field stars (middle). The size of
each image is 1.5’ × 1.5’. The scale on the right corresponds to
the surface brightness (arbitrary units). North is up and east is
to the left.
3.3 morphology of the nebula
The three PACS infrared images of the nebula around the LBV AG Car
at 70 µm, 100 µm, and 160 µm along with images taken at optical
wavelengths are shown in Figs. 3.1 and 3.2.
The infrared images reveal a dusty shell nebula with a clumpy
ring morphology that is clearly detached from the central star (not
visible at these wavelengths). The brightness of the nebula is not uni-
form, with the southwestern part being the brightest one. This agrees
with the nonuniform brightness of the images at 12.5 µm and 12.78
µm analyzed by Voors et al. (2000 [164]). An axis at PA ∼ 160◦ can be
defined (North: PA = 0◦; East: PA = 90◦). Cuts of the 70 µm PACS image
through PA ∼ 160◦ and PA ∼ 70◦ (Fig. 3.4) show peaks at a radius of
about 14 ′′, although with different intensities. The ring extends up to
∼ 42 ′′. These values correspond to 0.4 pc and 1.2 pc, respectively, at
a distance of 6 kpc. On top of this central circular nebula, there is a
northern faint extension. No other more extended nebula associated
with the star can be detected. A three-color infrared image of the neb-
ula and its environment is illustrated in Fig. 3.3, which shows best this
faint northern extension first reported by Weis (2008 [167]), although
the resolution is not good enough to reveal its detailed structure. The
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Figure 3.2: Left: View of the nebula in the optical. The bright Hα+[Nii] ring
nebula is illustrated in red (also shown in Fig. 3.1 at the same
scale) while the fainter Hα+[Nii] emission is shown in blue, dif-
ferently scaled in surface brightness, revealing the northern ex-
tension (Weis 2008 [167]). The continuum image that outlines the
dust scattered nebula is presented in green. Right: Contour image
of the optical emission from the nebula (green lines) superposed
on the infrared image of the nebula at 70 µm (also shown in
Fig. 3.1 at the same scale). The size of each image is 1.5’ × 1.5’.
North is up and east is to the left.
LBV nebula seems to be located in a cavity in the interstellar medium,
probably excavated by the star in a previous evolutionary phase. The
radius of this empty cavity is about 2.5 ′, which corresponds to 4.4 pc
at a distance of 6 kpc.
The Hα+[Nii] image (Fig. 3.1) shows that the gas nebula around
AG Car forms an elliptical shell with an average outer radius of ∼ 20 ′′
and an inner radius of ∼ 11 ′′. To more accurately investigate the mor-
phology of the nebula in the optical, a three-color image is presented
in Fig. 3.2. The fainter nebular optical emission reveals the northern
extension described in Weis (2008 [167]). The nebula that surrounds
the bright ring extends up to ∼ 23 ′′, while the north extension goes
up to ∼ 36 ′′ from the center of the nebula. These numbers correspond
to 0.7 pc and 1 pc, respectively, at a distance of 6 kpc, in agreement
with the size of the nebula given in Weis (2008 [167], 2011 [168]).
In the Hα light, the dynamics points to a spherically expanding
shell distorted by a more extended bipolar nebula (Smith 1991 [129];
Nota et al. 1992 [101]). In projection on the sky, the shell appears as
an elliptical ring with PA ∼ 131◦, different from the infrared shell PA.
Nevertheless, the contour image of the optical emission (both bright
and faint) superimposed on the infrared image of the nebula at 70
µm as illustrated in the right panel of Fig. 3.2 shows that the overall
morphology of the gas nebula is similar to the infrared dust mor-
phology, although the Hα+[Nii] ring nebula appears slightly smaller
and more elliptical than the infrared nebula. The bright region at the
southwestern part of the gas nebula coincides with the bright region
of the infrared dust nebula. The northern faint extended structure,
which appears both in the infrared and in the optical, is likely a lobe
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Figure 3.3: Three-color image (70 µm in blue, 100 µm in green and 160 µm
in red) of the AG Car nebula. The LBV nebula appears located
inside a cavity in the interstellar medium. The size of the image
is 7’ × 7’. North is up and east is to the left.
of the bipolar nebula. The extension seen to the south in the Hα+[Nii]
map and in the velocity maps of Smith (1991 [129]) could constitute a
part of a second fainter lobe. The system may thus consist of a typical
bipolar nebula seen roughly through the poles (i.e., at inclination .
30◦), with two faint lobes and a bright waist.
The nebula is also clearly detected in the optical continuum fil-
ter (Fig. 3.1), indicating significant dust scattering. The morphology
of the dust reflection nebula appears somewhat different from the
morphology of the Hα+[Nii] emission. This reflection nebula around
AG Car was first described in Paresce and Nota (1989 [110]) and its
stunning structure resolved with the Hubble Space Telescope (HST)
(Nota et al. 1995 [103], 1996 [104]). More specifically, in the optical
continuum image (Figs. 3.1 and 3.2) the ring appears circular and
very clumpy with a jet-like feature that starts from the central part
of the nebula and extends towards the southwestern part, which is
the brightest region of the dust and gas emission. The northern ex-
tension of the nebula is not detected in the optical continuum. As
does the Hα+[Nii] ring nebula, the optical continuum emission ap-
pears slightly inside the infrared continuum emission, although a de-
tailed comparison is difficult given the lower spatial resolution of
the PACS images. The difference in morphology between the optical
continuum and the Hα+[Nii] nebulae may arise from anisotropic il-
lumination and thus ionization of different parts of the nebula owing
to its clumpy structure.
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Considering the nebular expansion velocity, vexp, of 70 km s−1
measured by Smith (1991 [129]), the kinematic age, tkin, of the nebula
can be estimated. As mentioned above, the nebula in the infrared
extends to 1.2 pc in radius, r, so it has a kinematic age of tkin = r/vexp
= 1.7× 104 years. The temporal difference between the inner and the
outer radius of the nebula is 1.1× 104 years.
3.4 dust continuum emission
Integrated flux densities were derived for the nebular shell at the
three PACS wavelengths by performing aperture photometry on the
PACS images. We also used imaging data taken from the archives of
the IRAS mission (Neugebauer et al. 1984 [99]) and the Infrared Astro-
nomical Mission AKARI (Murakami et al. 2007 [98]). In these archival
data we did not include the IRAS observation at 12 µm because it is
only an upper limit or at 100 µm because it is not of high quality.
We note that the beam size of the IRAS and AKARI observations is
large enough to fully encompass the ring nebula around AG Car. Im-
ages from the SPIRE (Griffin et al. 2010 [38]) instrument on board the
Herschel Space Observatory were also included. They were taken from
the observations of the Herschel Infrared Galactic Plane survey (Hi-
GAL, Molinari et al. 2010 [96]) made immediately public for legacy.
The Hi-GAL observations of the field around AG Car were retrieved
from the archive processed up to level 2. Only the maps at 250 µm
and at 350 µm were used, because at 500 µm the nebula is very faint
so that flux determination is highly uncertain. Integrated flux densi-
ties were derived for the nebular shell at these two SPIRE wavelengths
by performing aperture photometry on the images.
We applied photometric color correction to all flux densities de-
rived from the observations of these three space missions. With this
correction, the monochromatic flux densities that refer to a constant
energy spectrum are converted to the true object SED flux densities at
the photometric reference wavelengths of each instrument. We used
the flux density ratio to derive the color temperature for the color cor-
rection of the IRAS data and then we chose the corresponding color-
correction factor (Beichman et al. 1988 [4]). The ratio R (25,60) corre-
sponds to a temperature of 140 K, so the correction factors for this
temperature were used. To color correct the AKARI FIS and IRC data
we fitted a blackbody to the two data sets independently using the
25 µm IRAS observation because we needed a measurement near the
maximum of the curve. These fits led us to adopt the color-correction
factors that correspond to a temperature of 150 K for FIS (Yamamura
et al. 2010 [173]) and 220 K for IRC data (Lorente et al. 2008 [77]).
To estimate the color correction of the Herschel-PACS data, we fitted
a blackbody, considering again the 25 µm IRAS observation. This fit
gave a temperature of 150 K, for which we adopted the correspond-
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Spacecraft-Instrument Date λ Fν Error
(µm) (Jy) (Jy)
IRAS α 1983 25 187.5 9.4
60 177.7 28.4
AKARI-IRC b 2007 9 9.04 0.14
18 119.2 0.24
AKARI-FIS c 2007 65 229.3 6.53
90 81.0 3.9
140 45.5 5.2
160 35.1 4.6
Herschel-PACS d 2010 70 173 2
100 103 3
160 42 3
Herschel-SPIRE e 2010 250 8.1 2
350 3.0 1
Notes. Data from: (α) IRAS Point Source Catalog (Beichman et al.
1988 [4]) (b) Akari / IRC Point Source Catalogue (Ishihara et al.
2010 [63]) (c) Akari / FIS Bright Source Catalogue (Yamamura et
al. 2010 [173]) (d) This work (e) Observations of Hi-GAL (Molina-
ri et al. 2010 [96]) retrieved from the Herschel archive
Table 3.1: Color-corrected nebular flux densities.
ing correction factor (Müller et al. 2011 [144]). For the SPIRE data, the
instructions for color correction given in the SPIRE Handbook1, were
followed.
The corrected measurements are presented in Table 3.1. They en-
abled us to construct the infrared SED of the nebula, along with the
archived spectrum that was part of the observations carried out by
the ISO mission (Kessler et al. 1996 [68]). A detailed discussion on this
ISO-LWS spectrum can be found in Voors et al. (2000 [164]).
The infrared SED of the nebula around AG Car obtained at dif-
ferent epochs with the various instruments is shown in Fig. 3.5. All
these measurements agree very well within the uncertainties except
the one at 90 µm. This is likely due to the uncertainty on the color
correction that was stronger for the 90 µm (AKARI-FIS) data point.
A model of the dust nebula around the LBV AG Car has been
carried out in the past by Voors et al. (2000 [164]). They used a one-
dimensional radiative transfer code to fit both imaging and spectro-
scopic infrared data. To further constrain the dust properties, we use
the AKARI archive imaging data and the new PACS and SPIRE imag-
ing data in addition to the IRAS imaging data and the ISO infrared
spectrum. The PACS imaging allows us to measure the nebular radius
at the wavelengths of the bulk of dust emission. To model the dust
shell we only considered the spectrum at λ > 20 µm. The spectrum
at λ < 12 µm comes from the central star that Voors et al. (2000 [164])
fitted with a spherical non-LTE model atmosphere. For the spectrum
1 http://herschel.esac.esa.int/Docs/SPIRE/spire_handbook.pdf
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between λ ∼ 14 and 20 µm they argued that it too likely comes from
the central star and not from some extended source.
The two - dimensional radiative transfer code 2-Dust (Ueta and
Meixner 2003 [152]) was used to model and interpret the dust emis-
sion spectrum and the FIR images. This is a publicly available versatile
code that can be supplied with various grain size distributions and
optical properties as well as complex axisymmetric density distribu-
tions.
It should be mentioned here that since the PACS spectral field of
view is smaller than the nebular size, the PACS spectrum was not
taken into consideration for the dust model as this spectrum is indeed
fainter than the PACS photometric points that contain the total flux of
the nebula.
To model the PACS ring of dust with the code 2-Dust, it is nec-
essary to consider the morphology of the nebula revealed through
the infrared PACS and the optical images so as to choose the best
geometric parameters for the axisymmetric dust density distribution
model. The 2-Dust code uses a normalized density distribution func-
tion (Meixner et al. 2002 [89]) that is based on a layered shell model,
ρ(R, θ) =
(
R
Rmin
)−B{1+C sinF θ[e−(R/Rsw)D/e−(Rmin/Rsw)D]}
×
{
1+A(1− cos θ)F
[
e−(R/Rsw)
E
/e−(Rmin/Rsw)
E
]} , (3.1)
where ρ(R, θ) is the dust mass density at radius R and latitude θ,
Rmin is the inner radius of the shell, and Rsw is the superwind ra-
dius that defines the boundary between the spherical wind and the
axisymmetric superwind. The first term represents the radial profile
of the spherical wind; the parameters A-F define the density profile;
the radial factor B can also be a function of the latitude through the
elongation parameter C; A is the equatorial enhancement parameter;
the parameter F defines the flatness of the shell; and D and E are the
symmetry transition parameters that describe the abruptness of the
geometrical transition in the shell.
It should be specified that we only consider the bright ring-nebula
for this model. No attempt has been made to model the nebular north-
ern extension since it is faint in the infrared and not clearly resolved.
A purely spherical model cannot reproduce the observed mor-
phology of the dust shell because there would be too much emission
at the center of the ring with respect to the observations. A sphere
with equatorial enhancement may be considered to reproduce the
difference in intensity between the two cuts on the infrared image.
To appear nearly circular with a clear central hole in projection, a
spherical shell with equatorial enhancement must be seen at small
inclination . 30◦, roughly through the poles. This scheme is in agree-
ment with the observed global morphology. At very low inclination
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Figure 3.4: Top left: the 1.5 ′ × 1.5 ′ image of the nebula around AG Car ob-
served with PACS at 70 µm. North is up and east to the left. Top
right: the synthetic image computed with 2-Dust using rin = 14 ′′
and rout = 42 ′′ and convolved with the PACS PSF. Bottom: Cuts
with PA=160◦ and 70◦ through the central part of the nebula at
70 µm, observed (black) and synthetic (red) ones.
it is difficult to reproduce the large difference in intensity between
the two cuts in an axisymmetric model like this one. On the other
hand, by increasing the inclination too much a strongly elliptical ring
would be seen, which is not observed. In addition to the equatorial
enhancement, the structure appears clumpy. These inhomogeneities
cannot be reproduced by the present model. The best approximate
axisymmetric model for the observed ring is a sphere with equatorial
enhancement (A ∼ 5) that is seen at small inclination (∼ 30◦). The val-
ues for the other five geometric parameters of Eq. 3.1 are B=3, C=0,
D=0, E=0, F=1 to keep the model simple and limit the number of free
parameters.
The synthetic image produced by 2-Dust and convolved with the
PACS PSF is given in the top right panel of Fig. 3.4. By comparing
the PACS image to the synthetic one, we determined the inner, rin =
14 ′′, and the outer, rout = 42 ′′, radii of the dust ring. In the bottom
panel of Fig. 3.4, cuts with PA=160◦ and 70◦ through the central part
of the observed and the simulated nebula are illustrated. Although
the basic morphology (radii, thickness and axisymmetry of the shell)
reproduced by the model agrees with the observed one, the intensity
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Figure 3.5: Infrared SED of the nebula around the LBV AG Car from data
collected at different epochs: the ISO-LWS spectrum and color-
corrected photometric measurements from IRAS, AKARI and
Herschel (PACS and SPIRE) space observatories. Results of the
2-Dust model fitting are illustrated. Data at λ < 20 µm are not
considered in the fit. The best fit (solid line) is achieved consider-
ing two populations of dust grains (dashed lines).
of the peaks does not because no attempt was made to fit the clumps,
as mentioned earlier.
After constraining the nebular geometry we can proceed with the
model of the dust SED. For the stellar parameters we adopted the dis-
tance D = 6 kpc, the luminosity logL/L = 6.1, and the temperature
Teff = 20000 K (Voors et al. 2000 [164]; Groh et al. 2009 [41]). The in-
frared SED of AG Car (Fig. 3.5) is too broad to be reproduced with
only one population of dust grains, so we considered two populations
of grains with the same composition but different sizes. Voors et al.
(2000 [164]) showed that the dust in this nebula contains large grains,
up to 40 µm in radius, and is dominated by amorphous silicates with
little contribution from crystalline species, and more specifically py-
roxenes with a 50/50 Fe to Mg abundance. We therefore adopted a
similar dust composition. The optical constants of silicates given by
Dorschner et al. (1995 [26]) were used for both populations, extrap-
olated to a constant refraction index in the FUV. The size distribu-
tion for the dust grains of Mathis et al. (1977 [86], hereafter MRN)
was assumed, for each of the two populations: n(a) ∝ a−3.5 with
amin < a < amax, where a is the grain radius. The model can be
adjusted to the data by varying amax (or amin), which controls the
20µm / 100µm flux density ratio, and the opacity, which controls the
strength of the emission.
The best fit (Fig. 3.5) was achieved with the use of the following
populations of dust grains. The first is a population of small grains
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with radii from 0.005 to 1 µm, which is responsible for the emission
at λ < 40 µm. The second is a population of large grains with radii
from 1 to 50 µm, which is responsible for the slope of the SED at λ >
70 µm. It should be pointed out that the large grains are necessary to
reproduce the observed infrared SED. Several attempts were made to
fit the SED using different grain sizes. They showed that amax cannot
be very different from 50 µm for the population of large grains. More
details are given in Sect. 3.8.
The total mass of dust derived from the modeling is Mdust ∼ 0.21
M (0.05 M from the small dust grains and 0.16 M from the large
ones), with an uncertainty of ∼ 20%. This result is in agreement with
the total dust mass found by Voors et al. (2000 [164]). The small grains
have temperatures from 88 K at rin to 62 K at rout, while the large
grains have temperatures from 43 K at rin to 29 K at rout. Similar
results are obtained when fitting modified BB curves to the SED (see
Sect. 3.9 for details).
As described in the introduction, AG Car is a variable star with
photometric and spectroscopic variations. Although the data used for
the dust model are obtained at different epochs, the visual magnitude
of the star is approximately the same at the epochs of the IRAS, ISO,
AKARI, and Herschel observations. In addition, AG Car varies under
a roughly constant bolometric luminosity (Sect. 3.1). By keeping the
luminosity constant and changing the radius and the temperature of
the star within reasonable limits, we do not see significant changes in
the model results.
3.5 emission line spectrum
3.5.1 Spectrum overview
Figure 3.6 illustrates the footprint of the PACS spectral field of view
on the image of the nebula at 70 µm. This field of view is composed of
25 (5×5) spaxels, each corresponding to a different part of the nebula,
but it is not large enough to cover the whole nebula.
The integrated spectrum of the nebula over the 25 spaxels is shown
in Fig. 3.7. Below 55 µm the shape of the continuum results from a
spectral response correction in this range that has not yet been per-
fected, while above 190 µm it results from a light leak from the second
diffraction order of the grating to the first one.
The following forbidden emission spectral lines are detected on
the dust continuum: [Oi] λλ 63, 146 µm, [Nii] λλ 122, 205 µm, and
[Cii] λ 158 µm. The absence of higher ionization lines indicates that
the ionization state of the gas in the nebula around AG Car is not
as high as in the case of the nebulae around other LBVs, for example
WRAY 15-751 (Vamvatira-Nakou et al. 2013 [156]). This implies that
the gas temperature is lower.
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Figure 3.6: Footprint of the PACS spectral field of view on the image of the
AG Car nebula at 70 µm. Each number pair is the label of a
specific spaxel. North is up and east is to the left.
3.5.2 Line flux measurements
A Gaussian fit was performed on the line profiles to measure the
emission line intensities in each of the 25 spectra (Fig. 3.6) using the
IRAF (Tody 1986 [149], 1993 [150]). The table with these measurements
is given in Sect. 3.10. We note that not all the lines are detected in
the outer spaxels and that all fluxes reach their highest values at the
spaxel (3,3). This spaxel corresponds to the southwestern part of the
nebula, which is the brightest part (see Sect. 3.3).
Maps of the line intensities were created for each of the five de-
tected lines in an effort to investigate whether there are differences in
the gas properties for distinct parts of the nebula. There are only 25
spaxels, and the coverage of the nebula is not complete, so we cannot
really see the full nebula in these “spectroscopic images”. The only
wavelength at which we barely see the nebular ring is that of 122 µm.
Furthermore, maps of line intensity ratios of every detected line to
the [Nii] 122 µm line were created. The differences between distinct
nebular regions are not significant or convincing. Since these maps
are difficult to interpret given the large uncertainties on the fluxes
and the wavelength-dependent PSF, they were not considered in the
present study.
To measure the total flux of the nebula in each line we need to
use the integrated spectrum over the 25 spaxels, but as already men-
tioned above the beam size of the PACS spectrometer is smaller than
the size of the nebula. Consequently, the fluxes measured using the
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Figure 3.7: PACS spectrum of the nebula around AG Car, integrated over the
25 spaxels. Indicated are the lines [Oi], [Nii], and [Cii]. Below 55
µm the shape of the continuum results from a spectral response
function correction that has not yet been perfected. Above 190
µm the shape results from a light leak from the second diffrac-
tion order of the grating in the first one. The different observing
bands are indicated with different colors. We note that the spec-
tral resolution depends on the waveband.
sum of the 25 spaxels do not correspond to the real nebular fluxes.
For this reason, the PACS spectrum was corrected using the three PACS
photometric observations. A modified BB was fitted to these data and
another one to the continuum of the PACS spectrum, for wavelengths
smaller than 190 µm. The ratio of the two curves gives the correction
factor. In other words, the spectrum was scaled to the photometry.
This factor linearly depends on the wavelength and goes from 1.11
at 55 µm to 2.12 at 185 µm. This correction assumes a constant line-
to-continuum ratio and is analogous to the point source correction
applied in the pipeline to correct the effect of flux lost for a point
source.
The [Nii] 205 µm line has a problematic calibration in PACS. Con-
sequently, its flux needs to be corrected before being used in the fol-
lowing analysis. More precisely, the flux in [Nii] 205 µm is incorrect
for all PACS measurements owing to a light leak, superimposing a lot
of flux from 102.5 µm at that wavelength. The Relative Spectral Re-
sponse Function (RSRF) used to reduce the data suffers from the same
light leak. Consequently, when this RSRF is applied during the data re-
duction, the signal at wavelengths & 190 µm is divided by a number
that is too high. The continuum at these wavelengths is irremediably
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Ion λ F (25 spaxels) c. f. F (corrected)
(µm) (10−15 W m−2) (10−15 W m−2)
[Oi] 63 7.7 1.17 9.0 ± 1.8
[Nii] 122 23.6 1.64 38.7 ± 7.7
[Oi] 146 0.6 1.83 1.1 ± 0.3
[Cii] 158 4.1 1.92 7.9 ± 1.6
[Nii] 205 1.1 2.26α×4.2b 10.3 ± 2.6
Notes. (α) Missing flux correction (b) PACS / SPIRE cross-calibration factor
Table 3.2: Line fluxes of the nebula around AG Car.
lost, but provided one can “scale-back up” with the right number to
compensate for the exaggerated RSRF, one can recover the line-flux.
Using instrument test data obtained on the ground with calibra-
tion light sources set at different and known temperatures, one can
invert the problem and reconstruct the “clean” RSRF, i.e., in the ab-
sence of light leak. This suffers from some defects and a large uncer-
tainty due to the propagation of errors and to the very low response
of the instrument at these wavelengths. A correction factor could nev-
ertheless be derived from it, and confirmed within a certain margin
by comparison of the line fluxes obtained for a few sources by both
PACS and SPIRE at that wavelength. We finally found that the mea-
sured [Nii] 205 µm flux should be multiplied by a correction factor
of 4.2. An error of 25 % was assumed for the final corrected [Nii] 205
µm flux2.
The emission line measurements of the nebula integrated over
the 25 spaxels, before and after the correction for the missing flux,
are given in Table 3.2 along with the correction factor (c.f.) at each
wavelength. It should be mentioned that the flux measurements of
the three lines present in the ISO-LWS spectrum of AG Car ([Oi] λ 63
µm, [Nii] λ 122 µm and [Cii] λ 158 µm) do agree with the corrected
values from the PACS spectrum within the errors, showing that the
correction for the missing flux is essentially correct.
3.5.3 Photoionization region characteristics
The detected emission lines [Nii] 122, 205 µm are associated with the
Hii region of the nebula around AG Car. The other three detected
emission lines originate from a region of transition between ionized
2 This part of the infrared spectrum of AG Car has also been observed with SPIRE as
part of the MESS program. Unfortunately, these data cannot be used so as to have a
more precise flux for the line [Nii] 205 µm because the whole ring nebula is outside
of the detector coverage owing to the geometry of the detector array and because
the observing mode was a single pointing and not a raster map. Consequently, any
attempt to recover the nebular flux has huge uncertainty and we decided not to
include the SPIRE spectroscopic data in our study.
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and neutral hydrogen and may indicate the presence of a PDR. Their
analysis is given in the next subsection.
3.5.3.1 Hα flux
The Hα+[Nii] flux from the nebula was estimated by integrating the
surface brightness over the whole nebula. Contamination by field
stars and the background was corrected and the emission from the
occulted central part extrapolated. The continuum flux from the re-
flection nebula was measured in the adjacent filter, accounting for the
difference in filter transmissions. However since AG Car is a strong
emission-line star, the reflected stellar Hα must also be subtracted.
Considering the Hα equivalent widths measured by Schulte-Ladbeck
et al. (1994 [123]) and Stahl et al. (2001 [140]) for AG Car in 1993-1994
(i.e., accounting for ∼ 1.5 years of time-delay) we estimate the final
contamination due to the reflection nebula to be 20%. The contribu-
tion of the strong [Nii] lines was then subtracted using the [Nii] /Hα
ratios from available spectroscopic data and the transmission curve of
the Hα+[Nii] filter. The conversion to absolute flux was done with the
help of the three spectrophotometric standard stars and three plane-
tary nebulae observed in the same filter; the conversion factors de-
rived from these six objects show excellent internal agreement.
We measured F0(Hα) = 1.1 × 10−10 ergs cm−2 s−1 uncorrected
for reddening. The uncertainty amounts to ∼ 20%. Adopting E(B−V)
= 0.59± 0.03 (de Freitas Pacheco et al. 1992 [22]), we derived F0(Hα)
= 4.2± 0.9 × 10−10 ergs cm−2 s−1 for the AG Car nebula. This flux is
higher by a factor of 2 than the fluxes measured by Stahl (1987 [137]),
Nota et al. (1992 [101]) and de Freitas Pacheco et al. (1992 [22]) in
1986, 1989, and 1991, but is compatible with the Hβ flux measured
by Perek (1971 [112]) in 1969 (i.e., F0(Hα) ' 3× 10−10 ergs cm−2 s−1
with Hα/Hβ = 6 and E(B−V) = 0.59). The flux density from the
reflection nebula is Fλ = 3.9× 10−13 ergs cm−2 s−1 Å−1 at 6650 Å
(the central wavelength of the continuum filter). The high value of
F0(Hα) we find is in agreement with the radio flux, also observed in
1994-1995 (Duncan and White 2002 [28]), and E(B−V) = 0.59.
3.5.3.2 Electron density
Smith et al. (1997 [132]) found a non-constant nebular electron density,
ne, that varies from 600 to 1050 cm−3 using the optical [Sii] 6731/6717
ratio as an electron density diagnostic. Their result is in agreement
with those of Mitra and Dufour (1990 [95]) and Nota et al. (1992 [101])
who used the same ratio as a diagnostic.
In the infrared waveband, the [Nii] 122/205 µm ratio is a diag-
nostic for the electron density of the nebula at low density, 1 cm−3 6
ne 6 103 cm−3 (Rubin et al. 1994 [121]). Considering the values of
Table 3.2, this ratio is equal to 3.8 ± 1.2 for the whole nebula. The
package nebular of the IRAF/STSDAS environment (Shaw & Dufour
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1995 [125]) was used for the calculation of the electron density. An
electron temperature, Te, constant throughout the nebula and equal
to 6350± 400 K was used for all of the following calculations. This is
the average temperature calculated by Smith et al. (1997 [132]). The
electron density is then found to be 160± 90 cm−3.
The calculated electron density based on the infrared data is much
lower than the density based on the optical data. This discrepancy is
usual and has also been observed in planetary nebulae (Liu et al. 2001
[76]; Tsamis et al. 2003 [151]). When the density of a nebula is spatially
inhomogeneous, different line ratios used as density diagnostics lead
to different values of the density. This is related to the difference in
the critical density between the lines taken into consideration for the
density calculation (Rubin 1989 [120]; Liu et al. 2001 [76]). The lines
[Nii] 122, 205 µm have lower critical densities than the lines [Sii] 6731,
6717 Å, which means that the calculated density using the first pair
of lines is smaller than the density using the second pair (Rubin 1989
[120]).
In the following calculations we will use our estimate of the elec-
tron density based on infrared data because the electron density is
best determined when it is similar to the critical density of the lines
whose ratio is used as a diagnostic (Rubin et al. 1994 [121]). Other-
wise, any attempt to calculate ionic abundances will give incorrect
results (Rubin 1989 [120], Liu et al. 2001 [76]).
3.5.3.3 Ionizing flux
To calculate the radius of the Strömgren sphere, RS, and the rate of
emission of hydrogen-ionizing photons,Q0, a steady nonvariable star
must be considered. Such an analysis can be done in the case of a
variable star like AG Car if the recombination time is longer than the
variability timescale of the ionizing star. The recombination time is
given by τrec = 1/neαB yr (Draine 2011 [27]), where αB is the recom-
bination coefficient. Using the adopted value for the electron density
and the assumed electron temperature, the recombination time was
estimated to be about 520 yr. It is much longer than the timescale of
the variability (5− 10 yr) exhibited by the central star of the nebula,
and this conclusion still holds if the higher electron density derived
in the optical is considered. Therefore, an average nonvariable star is
a valid approximation in our case.
The values of Q0 and RS can be determined first by using the
estimated Hα flux and second by using the radio flux density, Sν =
268.7mJy at 6 cm (4.9 GHz) that was measured by Duncan and White
(2002 [28]), adopting a typical error of 0.5 mJy. At 4.9 GHz the nebula
is optically thin and it is assumed to be spherical with a uniform
density.
88 the nebula around the lbv star ag car
The RS in pc is given by (Vamvatira-Nakou et al. 2013 [156])
RS = 3.17
(xe

)1/3 ( ne
100
)−2/3
T
(0.272+0.007lnT4)
4
(
Q0
1049
)1/3
, (3.2)
where Q0 (in photons s−1) using the Hα flux is given by
Q0(Hα) = 8.59× 1055T (0.126+0.01lnT4)4 D2F0(Hα) ; (3.3)
when using the radio flux it is given by
Q0(radio) = 8.72× 1043T (−0.466−0.0208lnT4)4
( ν
4.9
)0.1
x−1e D
2Sν , (3.4)
where xe = ne/np is the ratio of the electron to the proton density,
 is the filling factor, T4 = Te/(104 K), ν is the radio frequency in
GHz, D is the distance of the nebula in kpc, F0(Hα) is the Hα flux in
ergs cm−2 s−1, and Sν is the radio flux in mJy.
Assuming xe = 1 because the star is not hot enough to signifi-
cantly ionize He and T4 = 0.635, we found that the rate of emission of
hydrogen-ionizing photons isQ0(Hα) = (1.2 ± 0.5)×1048 photons s−1
and Q0(radio) = (1.0 ± 0.4)× 1048 photons s−1. There is a good agree-
ment between these two results within the uncertainties implying that
the value of E(B−V) adopted for the calculations is essentially correct.
The mean value Q0 = (1.1 ± 0.3)× 1048 photons s−1 corresponds to
an early-B star with Teff ∼ 26000 K (Panagia 1973 [109]), which can be
considered as the average spectral type of the star.
We also derived RS = 1.1 ± 0.4 pc assuming  = 1, i.e., that
the ionized gas fills the whole volume of the nebula. The fact that
the nebula is a shell and not a sphere, with inner radius of about
Rin = 11
′′ = 0.3 pc in Hα, does not change this result because in
that case the new Strömgren radius is R
′
S = (R
3
S + R
3
in)
1/3 = 1.1 pc.
The Strömgren radius is the radius of an ionization bounded nebula
by definition. In Sect. 3.3, it was observed that the faint part of the
nebula in Hα extends up to 0.7 pc from the central star. Moreover,
the northern faint extension discussed in that section extends up to 1
pc. The comparison of these numbers with the estimated value of the
Strömgren radius, considering the uncertainties, leads to the conclu-
sion that the Hα nebula may be ionization bounded. The presence of
PDR signatures in the spectrum supports this conclusion. This value of
the Strömgren radius is only an average value which can vary locally
depending on the density inhomogeneities. In particular, according
to the adopted morphological model, the electron density of the shell
could be higher along the equator and smaller along the poles so that
the ionizing radiation can reach the faint extensions or bipolar lobes.
3.5.3.4 Abundance ratio N/H
Given the detected emission lines in the spectrum and the lack of
[Niii] 57 µm and [Oiii] 88 µm, only an estimate of the N/H abun-
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dance number ratio can be made based on the observed Hα 6562.8 Å,
[Nii] 122 µm and 205 µm lines and considering that
N
H
=
〈N+〉
〈H+〉 . (3.5)
The flux ratios F/F0(Hβ) were calculated for the two infrared lines
of [Nii] with the observed values of F from Table 3.2. Using the
dereddened Hα flux, a case-B recombination with Te = 6350 K was
assumed to calculate the Hβ flux, adopting the effective recombina-
tion coefficient equations of Draine (2011 [27]). The ionic abundances
N+/H+ were then derived using the package nebular. The N/H abun-
dance number ratio was calculated to be (2.6± 1.2)× 10−4, which is
equivalent to a logarithmic value of 12 + log(N/H) = 8.41± 0.20. Con-
sidering the errors, this value is entirely compatible with that of Smith
et al. (1997 [132]), which is 8.27± 0.05. It is significantly higher than
the solar value (7.83, Grevesse et al. 2010 [37]).
3.5.3.5 Mass of the ionized gas
An estimate of the ionized gas mass can be made from the Hα and
the radio emissions. The equations that are analytically derived in
Vamvatira-Nakou et al. (2013 [156]) are used for this calculation.
For a spherical nebula the ionized mass in solar masses, taking
into account the Hα emission, is given by
M
sphere
i(Hα) = 57.9
1+ 4y+√
1+ y+
T
(0.471+0.015lnT4)
4 
1/2θ3/2D5/2F
1/2
0 (Hα) ,
(3.6)
where θ is the angular radius of the nebula (R = θD) in arcsec and
nH+ = np, nHe+ , and nHe++ are the number densities of the ionized
hydrogen, ionized helium, and doubly ionized helium, respectively.
Assuming nHe++ = 0 and denoting y+ = nHe+/nH+ , we have xe =
ne/np ' 1+nHe+/nH+ = 1+y+ and µ+ ' 1+ 4nHe+/nH+ = 1+ 4y+.
Considering now the radio flux and using the same formalism as
above, the mass of a spherical nebula in solar masses is given by
M
sphere
i(radio) = 5.82× 10−5
1+ 4y+
1+ y+
T0.1754
( ν
4.9
)0.05
1/2θ3/2D5/2S
1/2
ν .
(3.7)
In Hα the nebula around AG Car is a shell with inner radius
θin = 11
′′ and an average outer radius θout = 20 ′′. In the radio the
nebula has approximately the same radii (Duncan and White 2002
[28]). In this case the mass of the ionized shell nebula is given by
Mshelli = (θ
3
out − θ
3
in)
1/2θ
−3/2
out M
sphere
i . (3.8)
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The mass of the ionized shell nebula is thus Mshelli(Hα) = 6.9± 2.8 M
and Mshelli(radio) = 6.4 ± 2.5 M, with an average value of Mshelli =
6.6 ± 1.9 M, assuming  = 1. The assumption that the ionization
of He is negligible (y+ = 0) was made because the central star has a
temperature lower than 30 000 K. This result is slightly higher, consid-
ering the uncertainties, than the mass of 4.2 M estimated by Nota et
al. (1992 [101], 1995 [103]).
3.5.4 Photodissociation region characteristics
The fine structure emission lines [Oi] 63, 146 µm and [Cii] 158 µm are
among the most important coolants in PDRs (Hollenbach & Tielens
1997 [54]). Their detection in our spectrum may indicate the presence
of a PDR in the nebula. On the other hand, a shock, which is the
result of the interaction between the fast stellar wind and the slow
expanding remnant of a previous evolutionary phase, could also pho-
todissociate molecules and result in [Oi] and [Cii] emission. However,
the values of the calculated ratios of [Oi] 63 µm/[Oi] 146 µm and [Oi]
63 µm/[Cii] 158 µm are in agreement with the PDR models of Kauf-
man et al. (1999 [67]) and not with the shock models of Hollenbach
and McKee (1989 [53]). In particular, the ratio [Oi] 63 µm/[Cii] 158
µm is a diagnostic between PDR and shock as it is < 10 in PDRs (Tie-
lens and Hollenbach 1985 [147]). Consequently, based on these ratios,
we can conclude that a PDR and not a shock is present in the nebula
around the LBV AG Car and that it is responsible for the [Oi] and
[Cii] emission. Photodissociation regions were detected in the neb-
ula that surrounds the LBV HR Car (Umana et al. 2009 [153]) and in
the nebula around the LBV candidate HD 168625 (Umana et al. 2010
[154]). Later on, the infrared study of the LBV WRAY 15-751 also re-
vealed the presence of a PDR in the nebula that surrounds this star
(Vamvatira-Nakou et al. 2013 [156]).
The physical conditions in the PDR can be determined using these
three infrared lines, but because of the vicinity of the bright Carina
nebula, we have to check if these lines come entirely from the LBV
nebula or if there is a significant contribution to the measured fluxes
from the background. We therefore checked the spectra of the back-
ground taken at two different positions on the sky and found that
the lines [Oi] 63 µm, 146 µm come entirely from the nebula. However,
the flux of the line [Cii] 158 µm is contaminated by the [Cii] fore-
ground/background emission. For the nebular spectrum discussed
and analyzed in this section, the background has been subtracted,
as mentioned in Sect. 3.2. Nevertheless, careful examination of the
two off-source spectra shows that the background is strong and not
uniform. The difference between the spectra of the two off positions
induces an uncertainty of at least a factor of 2 on the [Cii] 158 µm
line flux. Hence, the measured [Cii] 158 µm flux is unreliable and
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the mass of hydrogen in the PDR based on the [Cii] flux cannot be
estimated. We note that the previous conclusion about the presence
of a PDR in the nebula is still valid when background contamination
is taken into account.
The structure of the PDR is described by the density of the atomic
hydrogen, nH0 , and the incident FUV radiation field, G0, which can be
calculated using the following equation (Tielens 2005 [146]), where it
is expressed in terms of the average interstellar radiation field that cor-
responds to an unidirectional radiation field of 1.6× 10−3 erg cm−2
s−1,
G0 = 625
L?χ
4piR2
, (3.9)
where L? is the stellar luminosity, χ is the fraction of this luminosity
above 6 eV, which is ∼ 0.7 for an early-B star (Young Owl et al. 2002
[174]), and R is the distance from the star. For the PDR of the AG
Car nebula, the incident FUV radiation field is then G0 ' 3.7× 104,
considering that L? = 106.1L (Sect. 3.4) and R = 0.7 pc, which is
the radius of the ionized gas region surrounded by the PDR. This
result can be used to constrain the density of the PDR. The diagnostic
diagram of the PDR models of Kaufman et al. (1999 [67], Figs. 4 and
5) give the ratios of the fluxes F[Oi]63/F[Cii]158 and F[Oi]145/F[Oi]63
as a function of the density and the incident FUV radiation field. By
using only the latter ratio and the calculated G0 and considering the
uncertainties, we can estimate the density of the PDR to be lognH0 ' 3,
with a large uncertainty.
To verify the consistency of the PDR analysis with the results of the
dust nebula analysis, the dust temperature, Tdust, can be estimated
based on the radiative equilibrium, since the dust absorbs and re-
emits the FUV radiation in the FIR. In case of silicates (i.e., β = 2) the
dust temperature is given by (Tielens 2005 [146])
Tdust = 50
(
1µm
a
)0.06(
G0
104
)1/6
K for Tdust < 250 K . (3.10)
We obtain a dust temperature of Tdust = 71 K, assuming a typical
grain size of a = 0.1 µm because the average cross-section is domi-
nated by small grains. This result is in agreement with the results of
the 2-Dust model (Sect. 3.4).
3.6 discussion
The parameters of the LBV AG Car given in Table 3.3 summarize the
measurements obtained in this work along with results taken from
previous studies. The stellar parameters of luminosity, effective tem-
perature, and distance are from Voors et al. (2000 [164]), Groh et al.
(2009 [41]), Humphreys et al. (1989 [58]), and this work. The param-
eters for the shell include the radii, the expansion velocity (Smith
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Star log L/L 6.1 ± 0.2
Teff (K) 20 000 ± 3000
D (kpc) 6.0 ± 1.0
Shell rin (pc) 0.4
rout (pc) 1.2
vexp (km s−1) 70
tkin (104 yr) 1.7
ne (cm−3) 160 ± 90
Te (K) 6350 ± 400
N/O 5.7 ± 2.2
12+log N/H 8.41 ± 0.20
Mdust (M) 0.20 ± 0.05
Mion.gas (M) 6.6 ± 1.9
Table 3.3: Parameters of the LBV AG Car and its shell nebula.
1991 [129]), the kinematic age, the ionized gas electron density and
the adopted electron temperature, the abundance ratios (N/O from
Smith et al. 1997 [132] and N/H from our study), and the measured
masses of dust and gas.
The Herschel-PACS infrared images of the LBV AG Car reveal a
dusty shell nebula that surrounds the central star. It is a clumpy ring
with an inner radius of 0.4 pc and an outer radius of 1.2 pc. The
Hα+[Nii] images show a gas shell nebula that coincides with the dust
nebula, but seems to be slightly smaller and more elliptical. The neb-
ula has bipolar morphology, a common feature among LBV nebulae
(Weis 2001 [166]; Lamers et al. 2001 [72]).
The nebula around AG Car lies in an empty cavity (Fig. 3.3). If as-
sociated with the star, the cavity may correspond to a previous mass-
loss event when the wind of the O-type progenitor formed a bubble,
as in the case of WR stars (Marston 1996 [84]). A similar case is the
cavity observed around the LBV WRAY 15-751 (Vamvatira-Nakou et
al. 2013 [156]), though the latter is much larger. Velocity mapping
of the surrounding interstellar gas would be needed to confirm this
hypothesis and derive constraints on the O-star evolutionary phase.
The results of our study point to a shell nebula of ionized gas and
dust, surrounded by a thin photodissociation region that is heated by
an average early-B star. The dust mass-loss rate is about (1.8± 0.5)
× 10−5 M yr−1, considering the duration of the enhanced mass-
loss episode that was estimated from the kinematic age of the inner
and outer radii of the nebula. Because we do not know the total gas
mass as we cannot calculate the neutral gas mass, we must assume a
gas-to-dust mass ratio in order to estimate the total mass-loss rate. A
typical value for this ratio is 100 and so the gas mass will be ∼ 20 M.
In the study of the nebula around the LBV WRAY 15-751 (Vamvatira-
Nakou et al. 2013 [156]), this ratio was calculated to be about 40. If
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we assume a similar value, the gas mass will be about 10 M, higher
than but comparable to the mass of the ionized gas. Adopting the
average value, the gas mass of the nebula around AG Car is about 15
M with an uncertainty of about 30%. The total mass-loss rate is then
estimated to be (1.4± 0.5) × 10−3 M yr−1.
It is interesting to compare this mass-loss rate that corresponds to
the period during which the ejection took place with recent mass-loss
rates. Leitherer et al. (1994 [75]) found M˙(H) = 0.6×10−5 to 4.0×10−5
M yr−1 in 1990-1992 when the star luminosity was rising, showing
no significant dependence on the luminosity phase. Groh et al. (2009
[41]) studied the fundamental parameters of AG Car during the last
two periods of minimum, 1985-1990 and 2000-2003, and calculated a
mass-loss rate from 1.5× 10−5 to 6.0× 10−5 M yr−1. The mass-loss
rate during the nebula ejection phase thus appears roughly 50 times
higher than in the present evolutionary phase.
The N/O ratio of 5.7± 2.2 calculated by Smith et al. (1997 [132])
points to the presence of highly processed material because it is much
higher than the solar abundances. It is the highest value of N/O
among the known LBVs, except the case of η Car (Smith et al. 1998
[133]). The 12+log N/H abundance of 8.41± 0.20, calculated on the
basis of our observations, is enhanced by a factor of 4.3 with respect
to the solar abundance. It is lower than the value for the LBV η Car
and higher than the values reported for all other LBVs (Smith et al.
1998 [133]).
Groh et al. (2009 [41]) calculated the surface abundances of sev-
eral chemical elements at the surface of the star. The comparison of
the nebular abundances with the surface ones shows that the N/O
abundance ratio of the nebula is much lower than the surface value
of 39+28−18. As the authors mention, this is compatible with the idea
that the nebulae around massive stars contain material that is less
processed than the material of the stellar photosphere.
Smith et al. (1997 [132]), based on a detailed abundances study,
argued that the AG Car nebula was formed from material ejected
during a RSG phase. This was also the suggestion of Voors et al. (2000
[164]) based on their analysis of the dusty nebula, but Lamers et al.
(2001 [72]), in their study of the chemical composition of LBVs, con-
cluded that the ejection occurred in a BSG phase as this can better
explain the high expansion velocity. Moreover, the problem with an
ejection during a RSG phase is the lack of luminous RSGs in the HR
diagram.
Based on our observations as well as on evolutionary models (Ek-
ström et al. 2012 [29]), we can constrain the evolutionary path of the
central star and the epoch at which the nebula was ejected, using the
abundance ratios, the measured mass-loss rate, and the timescale of
the ejection as constraints. The only available abundance ratio that
can be used is the N/O ratio. The N/H abundance ratio is indeed
94 the nebula around the lbv star ag car
Figure 3.8: Evolution of the N/O surface abundance ratio as a function of
the mass-loss rate for a 55 M star of solar metallicity and for
initial rotation rates Ω/Ωcrit from 0 to 0.4, using the models of
Ekström et al. (2012 [29]). The dashed lines correspond to the
adopted value of N/O, with its errors, and the lower limit for
the mass-loss rate. The thicker lines emphasize the part of the
tracks compatible with the measurements. For clarity, the tracks
are stopped during the He burning phase (data point no 195 in
Ekström et al. 2012 [29]).
sensitive to inhomogeneities of the nebula (Lamers et al. 2001 [72]).
It should also be stressed that the evolutionary models for massive
stars are very uncertain at the post-main-sequence phases as they do
not include any eruptive event, which means that the mass-loss rate
recipes are poorly known (Smith 2014 [134]).
A constraint on the initial rotational velocity of AG Car can be im-
posed, based on the results of Groh et al. (2011 [42]). In their study of
AG Car during two periods of visual minimum, they concluded that
the progenitor did not have a high initial rotational velocity, although
they measured the current projected rotational velocity to be 220 km
s−1. Their conclusions were based on the comparison with the evolu-
tionary paths of Meynet and Maeder (2003 [91]). The luminosity and
effective temperature of the star were found to be compatible with the
evolutionary tracks of a nonrotating star with initial mass between 40
and 60 M.
The total mass-loss rate, estimated during the nebular ejection, is
quite high but uncertain. A lower limit of the mass-loss rate can be
considered, based on the sum of the dust mass and the ionized gas
mass that are well determined in the nebula ring. Considering the er-
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Figure 3.9: Evolutionary path in the HR diagram of a 55 M star of so-
lar metallicity and for initial rotation rates Ω/Ωcrit from 0 to
0.4, using the models of Ekström et al. (2012 [29]). The thicker
lines emphasize the part of the tracks compatible with the N/O
abundance ratio and the mass-loss rate. For clarity, the tracks
are stopped during the He burning phase (data point no 195 in
Ekström et al. 2012 [29]).
rors, this lower limit is log M˙ = −3.4, where M˙ is in M yr−1. This re-
sult along with the nebular N/O abundance ratio, which is assumed
to be the surface abundance ratio at the time of the ejection, were
compared to the computed evolution of the mass-loss rate versus this
abundance ratio using the models of Ekström et al. (2012 [29]) for
stars of initial masses that correspond to the high stellar luminosity
of AG Car, considering four different cases of stellar rotation from no
rotation to a rotation rate of Ω/Ωcrit = 0.4. In Fig. 3.8, the evolution
of the mass-loss ratio versus the N/O abundance ratio is illustrated
for a 55 M star from the models of Ekström et al. (2012 [29]). The
measured N/O value, with its errors, and the measured lower limit
of the mass-loss rate are plotted with dashed lines. The part of these
tracks compatible with the measurements is emphasized with thicker
lines. To identify at which evolutionary phase of the star this corre-
sponds, the same parts of the tracks are reported in the HR diagram
(Fig. 3.9).
Our results are compatible with the evolutionary tracks of the
models of Ekström et al. (2012 [29]) for a star of 55 M with solar
metallicity and medium rotational velocity. In this case, the ejection
of the nebula occurs in a post-main-sequence short-lived episode of
high mass loss in agreement with the observations. We note that in
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such short-lived episodes, the mass-loss rate could be higher than
computed from the model since the model does not account for erup-
tive events. For a star of 57M the only compatible evolutionary track
is the nonrotating one. Consequently, we can conclude that the star
may have a low initial rotational velocity as suggested by Groh et al.
(2011 [42]). For a mass of 50 M, the only compatible evolutionary
track is the one rotating at Ω/Ωcrit = 0.4. For a mass of 60 M, the
N/O ratio is reached on the main sequence where the mass-loss rate
is much smaller than our lower limit, such that no track is compatible
with both the observed N/O ratio and a short-lived (. 2× 104 yr)
high mass-loss event.
A star with initial mass between 40 and 60M immediately evolves
to a BSG without passing through the RSG phase. It then evolves to-
wards the LBV and the WR phase (Meynet et al. 2011 [92]). Groh et
al. (2014 [44]) performed a detailed study on the evolutionary stages
of a nonrotating star of 60 M with solar metallicity, combining the
evolutionary models of Ekström et al. (2012 [29]) with atmospheric
models. Before the WR phase, the evolutionary tracks of a 55 M star
(Fig. 3.9) with little rotation are very similar to the track of Groh et al.
(2014 [44]) for a 60 M without rotation in terms of effective temper-
ature and luminosity. Making use of this result points to an ejection
of the nebula during the LBV evolutionary phase of AG Car and more
precisely during a cool LBV phase. Compared to the results obtained
for WRAY 15-751, a lower luminosity LBV that passed through a RSG
phase where the ejection of its nebula took place (Vamvatira-Nakou
et al. 2013 [156]), this indicates that depending on their luminosity,
LBV nebulae can be ejected at different evolutionary stages. It should
be mentioned that de Freitas Pacheco et al. (1992 [22]) compared the
AG Car nebular properties, based on their spectroscopic observations,
with the evolutionary models available at that time, and concluded
that they were consistent with the properties of a star of 60 M at the
beginning of the LBV phase.
The model of the dust nebula in Sect. 3.4 showed that large dust
grains are necessary to reproduce the observed infrared SED, in agree-
ment with the results of Voors et al. (2000 [164]). This was also the
case for the dust nebulae around the LBV WRAY 15-751 (Vamvatira-
Nakou et al. 2013 [156]) and the yellow hypergiant Hen 3-1379, a pos-
sible pre-LBV (Hutsemékers et al. 2013 [62]). Large grains (a > 5µm)
have also been detected in SNe (Gall et al. 2014 [34]). In the case of
LBVs, the stellar temperature is most often too high for dust forma-
tion to take place so that dust production can only happen during
large eruptions, when a pseudo-photosphere with a sufficiently low
temperature is formed. As shown by Kochanek (2011 [69], 2014 [70]),
large dust grains can be produced during LBV eruptions and other
transients when the conditions of high mass-loss rate and low pseudo-
photosphere temperature are encountered. According to these mod-
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els, to produce grains larger than 10 µm, the central star should have
gone through a great outburst, with a pseudo-photosphere tempera-
ture as low as 4000 K, i.e., much lower than during normal eruptions.
During this event, the mass-loss rate is expected to be as high as
10−2 Myr−1. For AG Car, this would require a duration of the event
shorter than estimated from the shell thickness, which is possible if
the shell thickness is mostly due to a spread in velocity (Kochanek
2011 [69]).
3.7 conclusions
The analysis of Herschel PACS imaging and spectroscopic observations
of the nebula around the LBV AG Car, along with optical imaging
data have been presented. The PACS images show that the dust neb-
ula appears as a clumpy ring. It coincides with the Hα nebula, but
extends farther out.
The determination of the dust parameters of the nebula was per-
formed by dust modeling with the help of a two-dimensional radia-
tive transfer code. This model points to the presence of both a small
and a large grain population of pyroxenes with a 50/50 Fe to Mg
abundance. Large grains (a & 10 µm) are needed to reproduce the
observational data.
The infrared spectrum of the nebula consists of forbidden emis-
sion lines over a dust continuum, without the presence of any other
dust feature. These lines reveal the presence of ionized and photodis-
sociation regions that are mixed with the dust. The derived gas abun-
dances show a strong N/O and N/H enhancement as well as a O/H
depletion, which is expected for massive evolved stars enriched with
CNO-cycle processed material.
The evolutionary path of the star and the epoch at which the neb-
ula was ejected were constrained using the abundances, mass-loss
rate and available evolutionary models. The results point to a nebu-
lar ejection during a cool LBV evolutionary phase of a star with initial
mass of about 55 M and with little rotation.
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3.8 appendix a : tests of the dust model
In Sect. 3.4 the model of the dust nebula is presented and the neces-
sity of a population of large dust grains is stressed. Several tests have
been performed using the 2-Dust code in an effort to reproduce the
observed data with different populations of dust grains from those
adopted in Sect. 3.4. Our main concern was to investigate the influ-
ence of the dust grain size and composition on the model SED. For
this reason, we calculated many models by changing one parame-
ter and keeping the other ones constant. Keeping in mind that two
different populations of grains were used to reproduce the broad ob-
served SED in Sect. 3.4, we consider one population of small grains
with radii amin < a < acen and one population of large grains with
radii acen < a < amax. For the dust composition, we used the opti-
cal constants given by Dorschner et al. (1995 [26]) for three different
abundances of Mg to Fe, 0.5/0.5 (the model presented in Sect. 3.4),
0.4/0.6, and 0.8/0.2. For the dust grain sizes, the values of 20, 50, and
80 µm were considered for amax and the values of 0.1, 0.3, 1, and 3 µm
were considered for acen, with the value of amin being kept constant
and equal to 0.005 µm.
The comparison of these tests shows that large grains are neces-
sary to reproduce the data. The influence of the change of acen on
the fit of the observed SED is almost negligible. Furthermore, the fit
depends little on the dust abundance of Mg to Fe. This is illustrated
in Figs. 3.10 - 3.12. In Fig. 3.10 three dust models are illustrated. The
dust composition is the same (optical constants of silicates with a
50/50 Mg-to-Fe abundance given by Dorschner et al. 1995 [26]) and
the only parameter that changes is amax. We see that better fits to
the data are achieved when large grains are considered, in particular
when amax = 50 µm. In all cases, when adjusting the observed flux
at 250 µm, a value for amax that is too small (< 20 µm) gives too
much flux at 60-100 µm. In Fig. 3.11 the comparison of three mod-
els with the same amax and dust composition but with different acen
is illustrated. The model SED depends little on acen. In Fig. 3.12 the
comparison of three models with the same grain sizes but different
dust composition (in terms of the abundance Mg to Fe) is illustrated.
Again, the model SED depends little on this dust abundance ratio,
with a slightly better adjustment for Mg/Fe = 50/50. We finally note
that changing the power law index of the grain size distribution does
not significantly affect these results.
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Figure 3.10: Fits of the far-infrared (λ > 20µm) SED of the nebula around
AG Car. The dust composition (optical constants of silicates
with a 50/50 Mg-to-Fe abundance given by Dorschner et al.
1995 [26]) and acen are kept constant while the value of amax
changes.
3.9 appendix b : modified blackbody fit on the sed
The observed SED (Fig. 3.5) can also be reproduced with a simpler
model that is the sum of two modified BB curves Fν ∝ Bν(Td)νβ.
Only the photometric points were considered for making the fit illus-
trated in Fig. 3.13. The mass of the dust can then be derived using the
equation
Mdust =
Fν D
2
Bν (Td) κν
, (3.11)
where κν is the mass absorption coefficient, i.e. the absorption cross
section per unit mass, Bν the Planck function and D the distance
to the nebula (Hildebrand 1983 [51]). For this calculation, the two
populations of dust grains are considered independently. The fluxes
measured at 25 µm and 250 µm are used, i.e., at those wavelengths
where the contribution of each population dominates (Fig. 3.13). At
25 µm, κν = 483 cm2g−1 for the silicates of Dorschner et al. (1995
[26]). For grains of radii smaller than the wavelengths at which dust
radiates, κν is roughly independent of the radius and behaves as νβ
in the FIR. However the second population of dust grains involves
large grains (up to 50 µm) so that this hypothesis is no longer valid.
The value of κν is then taken from the 2-Dust results where it is
explicitly computed for the adopted grain population. At 250 µm,
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Figure 3.11: Fits of the far-infrared (λ > 20µm) SED of the nebula around
AG Car. The dust composition (optical constants of silicates
with a 50/50 Mg-to-Fe abundance given by Dorschner et al.
1995 [26]) and amax are kept constant while the value of acen
changes.
Figure 3.12: Fits of the far-infrared (λ > 20µm) SED of the nebula around
AG Car. amax = 50 µm and acen = 1 µm are kept constant while
the dust composition changes. The optical constants of silicates
given by Dorschner et al. (1995 [26]) are used for different Mg-
to-Fe abundances.
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Figure 3.13: Same as Fig. 3.5 but the infrared SED of the nebula around the
LBV AG Car is fitted by the sum of two modified blackbody
curves.
κν = 13.6 cm2g−1, which is significantly higher than expected un-
der the small-grain approximation. With such large grains the fre-
quency dependence of κν also differs from the ν2 law, being closer
to ν1 below 100 µm. A fit with such a composite modified BB gives
Tdust,1 = 76 K and Tdust,2 = 31 K (which is only slightly different
from the values obtained with ν2 only). Using Tdust,1 = 76− 78 K and
Tdust,2 = 31− 33 K in Eq. 3.11, we then derive Mdust,1 = 0.05− 0.04
M and Mdust,2 = 0.22− 0.19 M for the small and the large grains
respectively, in very good agreement with the 2-Dust results.
3.10 appendix c : emission line fluxes for each spaxel
The results of the emission line flux measurements for each spaxel
are given in Table 3.4. The first column contains the detected ions
along with the spectral band in which the corresponding line was
measured. The following columns contain the line fluxes, expressed
in W/m2, along with their errors. The spaxel numbers (Fig. 3.6) are
mentioned in every cell of the table. The quoted uncertainties are the
sum of the line-fitting uncertainty plus the uncertainty due to the
position of the continuum.
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Ion λ (band) F±∆F F±∆F F±∆F F±∆F F±∆F
(µm) (10−15 (10−15 (10−15 (10−15 (10−15
W m−2) W m−2) W m−2) W m−2) W m−2)
spaxel 0,0 spaxel 0,1 spaxel 0,2 spaxel 0,3 spaxel 0,4
[Oi] 63 (B2A) - 0.40 ± 0.05 0.14 ± 0.05 - -
[Nii] 122 (R1B) 0.15 ± 0.02 1.15 ± 0.01 0.85 ± 0.02 0.56 ± 0.02 0.26 ± 0.02
[Oi] 146 (R1B) - 0.03 ± 0.01 - - -
[Oi] 146 (R1A) - 0.03 ± 0.01 - - -
[Cii] 158 (R1A) - 0.21 ± 0.01 0.13 ± 0.01 0.05 ± 0.01 -
[Nii] 205 (R1A) - 0.21 ± 0.05 0.11 ± 0.03 - -
spaxel 1,0 spaxel 1,1 spaxel 1,2 spaxel 1,3 spaxel 1,4
[Oi] 63 (B2A) 0.22 ± 0.05 0.65 ± 0.05 0.47 ± 0.05 0.29 ± 0.05 -
[Nii] 122 (R1B) 0.64 ± 0.01 1.86 ± 0.02 1.49 ± 0.02 1.38 ± 0.01 0.61 ± 0.03
[Oi] 146 (R1B) 0.02 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 -
[Oi] 146 (R1A) 0.02 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 -
[Cii] 158 (R1A) 0.09 ± 0.01 0.25 ± 0.01 0.24 ± 0.01 0.19 ± 0.01 0.06 ± 0.01
[Nii] 205 (R1A) 0.10 ± 0.02 0.27 ± 0.07 0.29 ± 0.07 0.24 ± 0.06 0.14 ± 0.04
spaxel 2,0 spaxel 2,1 spaxel 2,2 spaxel 2,3 spaxel 2.4
[Oi] 63 (B2A) 0.41 ± 0.05 0.26 ± 0.05 0.15 ± 0.05 0.65 ± 0.05 0.19 ± 0.05
[Nii] 122 (R1B) 1.18 ± 0.02 1.43 ± 0.02 1.01 ± 0.02 1.63 ± 0.02 0.75 ± 0.01
[Oi] 146 (R1B) 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 0.02 ± 0.01
[Oi] 146 (R1A) 0.03 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.05 ± 0.01 0.02 ± 0.01
[Cii] 158 (R1A) 0.20 ± 0.01 0.24 ± 0.01 0.17 ± 0.01 0.30 ± 0.01 0.14 ± 0.01
[Nii] 205 (R1A) 0.17 ± 0.04 0.35 ± 0.09 0.28 ± 0.07 0.33 ± 0.08 0.15 ± 0.04
spaxel 3,0 spaxel 3,1 spaxel 3,2 spaxel 3,3 spaxel 3,4
[Oi] 63 (B2A) 0.25 ± 0.05 0.36 ± 0.05 0.60 ± 0.05 1.35 ± 0.06 -
[Nii] 122 (R1B) 1.04 ± 0.02 1.56 ± 0.02 1.46 ± 0.02 1.68 ± 0.02 0.40 ± 0.01
[Oi] 146 (R1B) 0.03 ± 0.01 0.02 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 -
[Oi] 146 (R1A) 0.02 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.09 ± 0.01 0.02 ± 0.01
[Cii] 158 (R1A) 0.16 ± 0.01 0.26 ± 0.01 0.32 ± 0.01 0.43 ± 0.01 0.13 ± 0.01
[Nii] 205 (R1A) 0.16 ± 0.04 0.22 ± 0.06 0.23 ± 0.06 0.35 ± 0.09 -
spaxel 4,0 spaxel 4,1 spaxel 4,2 spaxel 4,3 spaxel 4,4
[Oi] 63 (B2A) - - 0.58 ± 0.05 0.58 ± 0.06 -
[Nii] 122 (R1B) 0.43 ± 0.02 0.66 ± 0.02 1.06 ± 0.02 0.49 ± 0.02 0.11 ± 0.02
[Oi] 146 (R1B) - - 0.04 ± 0.01 0.03 ± 0.01 -
[Oi] 146 (R1A) - - 0.04 ± 0.01 0.04 ± 0.01 -
[Cii] 158 (R1A) 0.04 ± 0.01 0.09 ± 0.01 0.26 ± 0.01 0.22 ± 0.01 0.04 ± 0.01
[Nii] 205 (R1A) 0.09 ± 0.02 - 0.17 ± 0.04 - -
Table 3.4: Line fluxes in each spaxel. A dash indicates a poor S/N or a non-
detection. The spatial configuration corresponds to the footprint
of the PACS-spectrometer as displayed in Fig. 3.6.
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The third object studied in this thesis is the nebula M1-67 around the
Wolf-Rayet star WR 124. This target has been chosen to be part of this
study because it is a nebula around a Wolf-Rayet star in contrast to
the previous two ones that are located around a LBV star. The compar-
ison of the results for M1-67 to the results for the other two nebulae
can give us constraints on the evolution of massive stars, since the
LBV phase is thought to be a previous evolutionary phase of a WR star.
The Herschel infrared imaging, along with the optical imaging data,
allows us to investigate the morphology of this nebula and its envi-
ronment. Together with the infrared spectroscopic data, they help us
to constrain the evolutionary tracks of the central star and define the
stage where the nebular ejection took place.
This analysis is ready for submission to Astronomy & Astrophysics.
The draft paper is reproduced in the next pages, and it is organized
as follows. An introduction to this star and its nebula is first given
where a selection of results of previous studies that are related to our
study is presented, followed by the description of our observations,
the Herschel infrared imaging and spectroscopy and the optical imag-
ing. The morphology of the nebula in the infrared and the optical
light is the discussed. After, the analysis of the dust continuum emis-
sion is performed to estimated the dust properties. The nebular spec-
trum is then presented with the corresponding forbidden emission
lines analysis to determine the ionized and neutral gas properties.
Our Herschel observations of the nebula M1-67 along with the op-
tical imaging data revealed a clumpy nebula with a complex struc-
ture where the dust is mixed with the gas. The ionized gas nebula is
surrounded by a PDR, as was the case of the nebula around the LBV
stars WRAY 15-751 and AG Car. The material that forms the nebula
is mildly enriched, as found also in the other two nebulae. Using the
available theoretical models of stellar evolution, our observations are
compatible with a nebular ejection during a LBV phase of a star of
about 60 M with little rotation.
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HERSCHEL OBSERVATIONS OF THE NEBULA M1-67
AROUND THE WOLF-RAYET STAR WR 124
Vamvatira-Nakou, C., Hutsemékers, D., Royer, P., Waelkens, C.,
Groenewegen, M. A. T., and Barlow, M. J.
Abstract
Infrared Herschel imaging and spectroscopic observations of the neb-
ula M1-67 around the Wolf-Rayet star WR 124 have been obtained
along with optical imaging observations. The infrared images revealed
a clumpy dusty nebula that extends up to 1 pc. The comparison with
the optical images shows that the ionized gas nebula coincides with
the dust nebula, with the dust and the gas being mixed together.
The ionized gas region is surrounded by a photodissociation region
as revealed from the infrared spectroscopic analysis. The analysis of
the infrared spectrum of the nebula, where forbidden emission lines
of highly ionized elements were detected, showed that the nebula
consists of mildly processed material with the calculated abundance
number ratios being N/O = 1.0 ± 0.5 and C/O = 0.46 ± 0.27. Based
on a radiative transfer model, the dust mass of the nebula was esti-
mated to be 0.22 M with a large grain population being necessary
to reproduce the observations. The total mass of the material ejected
from WR 124 that composes the nebula M1-67 was estimated to be
about 16 M, assuming typical dust to gas ratio. The comparison of
the mass-loss rate and the abundance ratios to theoretical models of
the stellar evolution led to the conclusion that the nebular ejection
took place during a LBV evolutionary phase of the central star with
an initial mass of 60 M with little rotation.
4.1 introduction
WR stars represent an intermediate phase in the late evolution of O-
type massive stars with an initial mass > 30 M (Maeder & Meynet
2010 [79]). Progressively, the star loses a significant fraction of its mass
through the stellar wind and/or through episodes of extreme mass-
loss during a RSG or LBV evolutionary phase and the outer layer are
removed leaving a bare core that becomes a WR. If the WR is in a
close binary system the lower limit for the initial mass is not as ro-
bust (Crowther 2007 [21]) and in this case the H-rich envelope is lost
through a Roche lobe overflow. These objects are characterized by
strong broad emission lines in the optical region due to stellar winds.
They are divided into two groups: the WN subtypes that show strong
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lines of He and N and the WC and WO subtypes that shows strong
He, C, and O in their spectra (Crowther 2007 [21]).
One third of the galactic WR stars are observed having an asso-
ciated nebula at optical wavelengths (Marston 1997 [85]). Different
types of morphologies have been observed around Galactic WR stars
(Chu et al. 1983 [15]) and around WR stars in the Magellanic Clouds
(Dopita et al. 1994 [25]). The ring nebulae around WR stars are thought
to contain material that has been ejected in a previous evolutionary
phase of the star, a LBV or a RSG phase (Crowther 2007 [21]). Besides,
ejected nebula have been observed around LBV stars (Hutsemékers
1994 [59]; Nota et al. 1995 [103]). Consequently, the study of the neb-
ulae around WR stars and in general around evolved massive stars
is crucial for understanding the evolution of these stars, in particular
through the study of their mass-loss history.
The nebula M1-67 surrounds the galactic WR 124 star (209 BAC,
also known as Merrill’s star), which has a WN 8 spectral type (Smith
and Aller 1969 [128]). It was discovered by Minkowski (1946 [94]) who
suggested that it might be a PN. Then, Sharpless (1959 [124]) classified
it as an Hii region. Merrill (1938 [90]) measured a high heliocentric
velocity of +200 km s−1 for WR 124 that was confirmed by Bertola
(1964 [5]). The nebula M1-67 was later found to have similar heliocen-
tric velocity (Perek and Kohoutek 1971 [112]; Cohen and Barlow 1975
[17]; Pismis and Recillas-Cruz 1979 [114]) and continued to appear in
PN catalogs. It was first suggested to be a WR ring nebula in the study
of Cohen and Barlow (1975 [17]) based on infrared observations.
Solf and Carsenty (1982 [136]), based on their analysis of high-
resolution spectra of the nebula M1-67, argued that the nebular mate-
rial originates from the central WR star. This material may have been
lost in an earlier evolutionary stage of the central star and was swept-
up by the strong stellar wind. The study of Esteban et al. (1991 [30])
confirmed the stellar origin of the nebular material. They drew this
conclusion based on the abundances of N (enhanced by a factor of
4-7.5), O (depleted by a factor of 5-7.5) and S (normal Hii region
abundance), and concluded that M1-67 is a WR ring nebula. Though
the nebula is spatially non-uniform and has a clumpy appearance
with knots of emission, they also found that there is an homogeneity
in excitation conditions throughout the nebula since the knots have
similar spectra.
Nota et al. (1995 [102]), analyzing optical coronagraphic data, re-
ported for the first time the observation of an axisymmetrical outflow
in M1-67. Sirianni et al. (1998 [126]) performed similar observations
but with higher resolution. Their radial velocity data revealed two
different motions in the circumstellar environment of WR 124; the
expansion of a spherical shell and a bipolar outflow that both may
have been formed during the post-main sequence evolution of the
central star, when it was a LBV. Deep HST imaging (Grosdidier et al.
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1998 [45]) revealed details of the fragmentation of the nebula M1-
67, which appeared composed of filamentary structures that extend
around the central star and many, mostly unresolved, clumps. These
data showed no clear evidence for a bipolar or axisymmetrical struc-
ture. The authors argued that M1-67 could be the result of a material
ejection through a clumpy wind during a LBV evolutionary phase of
the central star.
Van der Sluys and Lamers (2003 [158]) studied the dynamics of
the M1-67 nebula. They showed that it interacts with the interstellar
medium so that a parabolic-like bow shock is formed. Because the
star is moving away from us with a velocity of about 180 km s−1, we
see the hollow bow shock from behind. They concluded that the M1-
67 nebula is due to multiple outbursts during a previous LBV phase of
the central star. Cichowolski et al. (2008 [16]) analyzed high resolution
radio data of the circumstellar environment of WR 124. They reported
the presence of two Hi cavities that are parts of the same bow shock
structure. The radio morphology of the nebula at 8.5 GHz is very
similar to the optical one.
Marchenko et al. (2010 [82]) analyzed HST images of the WR 124
and its surrounding nebula M1-67 taken in two different epochs. They
retrieved the physical and wind properties of this star confirming its
runaway status. Fernández-Martín et al. (2013 [31]), based on inte-
gral field spectroscopic data and considering theoretical evolutionary
models, proposed that the central star has recently entered the WR
phase and that there are no signs of interaction between the WR wind
and the interstellar medium. The nebula is then essentially composed
of material that was ejected during a LBV phase of the star.
Concerning the distance to M1-67, several studies tried to deter-
mine it but, given the peculiar velocity of the nebula, they had to
assume the nature of the central star and its nebula. Cohen and Bar-
low (1975 [17]) calculated a distance of 4.33 kpc, arguing that the
central star is a Population I WN8 star and using the absolute mag-
nitude calibration of Smith (1973 [127]), a value that was consistent
with the observed extinction. Pismis and Recillas-Cruz (1979 [114])
estimated a distance of about 4.5 kpc, also assuming a Population I
WR star of spectral type WN8 but using a different and more recent
absolute magnitude calibration. Later on, Crawford and Barlow (1991
[20]) analyzed the interstellar Na I D2 absorption spectrum of the star
and found a distance of 4− 5 kpc that excluded a PN nature. Recently,
Marchenko et al. (2010 [82]) calculated a distance of 3.35 kpc with
an estimated uncertainty of 20%. Since this is the latest distance cal-
culation, assumption-free as stressed by the authors, we adopt this
distance for our study as well as the properties of the star and the
wind that were derived based on it and are given in Marchenko et al.
(2010 [82]).
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In the present paper we analyze and discuss the infrared im-
ages and the spectrum of the nebula M1-67 taken with the PACS
(Poglitsch et al. 2010 [115]), and SPIRE (Griffin et al. 2010 [38]) instru-
ments onboard the Herschel Space Observatory (Pilbratt et al. 2010
[113]). We present these observations and the data reduction proce-
dure in Sect. 4.2. Based on these observations, we then describe the
nebular morphology in Sect. 4.3. In Sect. 4.4 we perform the dust
continuum emission model, while the analysis of the emission line
spectrum follows in Sect. 4.5. In Sect. 4.6 a general discussion is pre-
sented and finally in Sect. 4.7 the conclusions of this work are given.
4.2 observations and data reduction
4.2.1 Infrared observations
The infrared observations of the M1-67 nebula were carried out in the
framework of the Mass-loss of Evolved StarS (MESS) Guaranteed Time
Key Program (Groenewegen et al. 2011 [39]), including PACS and SPIRE
imaging and PACS spectroscopy.
The PACS imaging observations were carried out on April 8, 2010,
which corresponds to Herschel’s OD 329. The scan map observing
mode was used, in which the telescope slews at constant speed (20 ′′/s)
along parallel lines so as to cover the required area of the sky. Two or-
thogonal scan maps were obtained for each filter and finally our data
set consists of maps at 70, 100, and 160 µm. The obsIDs of the four
scans are 1342194080, 1342194081, 1342194082, and 1342194083 with
a duration of 2622 s each. The HIPE package (Ott 2010 [108]) was used
for the data reduction up to level 1. Subsequently, the Scanamorphos
software (Roussel 2013 [119]) was used to further reduce and com-
bine the data. In the final maps, the pixel size is 2 ′′ in the blue (70,
100 µm) channel and 3 ′′ in the red (160 µm) channel. The Herschel
PACS PSF FWHMs are 5.2 ′′, 7.7 ′′, and 12 ′′ at 70 µm, 100 µm, and 160
µm, respectively.
The SPIRE imaging observations were carried out on September
21, 2010 (OD 495). The large map observing mode was used. In this
mode the telescope slews at constant speed (nominal speed: 30 ′′/s)
along parallel lines so as to scan the required sky area. The cross
scan pointing mode was selected so as to obtain two orthogonal scans
during a single observation. Our dataset consists of maps at 250, 350,
and 500 µm. The obsID is 1342204949 with a duration of 911 s. The
data were retrieved from the archive, processed up to level 2. The
surface brightness of the three maps was transformed from Jy/sr to
Jy/pixel with the help of HIPE. The pixel size is 6 ′′, 10 ′′, and 14 ′′ at
250 µm, 350 µm, and 500 µm, respectively.
The PACS spectroscopic observations of the M1-67 nebula were car-
ried out on May 4, 2011 (OD 720). The PACS integral-field spectrometer
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covers the wavelength range from 52 µm to 220 µm in two channels
that operate simultaneously in the blue band, 52-98 µm, and the red
band, 102-220 µm with a resolving power of λ/δλ ∼ 940 − 5500 de-
pending on the wavelength. Simultaneous imaging of a 47 ′′ × 47 ′′
field of view is provided, resolved in 5× 5 square spatial pixels (i.e.,
spaxels). Then, the two-dimensional field-of-view is re-arranged via
an image slicer along a 1× 25 pixels entrance slit for the grating. The
chopped line scan observing mode was use for these observations.
In this mode, instead of having a complete coverage between 52 µm
and 220 µm, the observations are done in specific, previously chosen,
short wavebands where it is possible to detect a nebular emission
line. The background spectrum was obtained through chopping and
nodding. The two obsIDs are 1342220598 and 1342220599. For the spec-
troscopic data reduction we followed the standard steps using HIPE.
4.2.2 Visible observations
The optical images of the M1-67 nebulae were obtained on April 6,
1995, with the 3.6-m telescope at the ESO, La Silla, Chile. A series of
short (1 s - 10 s) and long (30 s - 60 s) exposures were secured in
a Hα+[Nii] filter (λc = 6560.5 Å; FWHM = 62.2 Å) and in a contin-
uum filter just redwards (λc = 6644.7 Å; FWHM = 61.0 Å). The frames
were bias-corrected and flat-fielded. The night was photometric and
the seeing around 1.2 ′′. The CCD pixel size was 0.605 ′′ on the sky.
To properly calibrate the images, three spectrophotometric standard
stars and three PN with known Hα flux were observed.
4.3 morphology of the nebula
The PACS images of the nebula M1-67 around the WR 124 star at
the three infrared filters, 70 µm, 100 µm, and 160 µm, are shown in
Fig. 4.11. The optical Hα+[Nii] image of the nebula M1-67 is illus-
trated in Fig. 4.2. To emphasize the Hα+[Nii] ionized gas emission,
the redward continuum image has been subtracted, after correcting
for the position offsets and for the different filter transmissions, using
field stars. It should be mentioned that the nebula is clearly detected
in the λc6644.7 Å continuum filter, indicating significant dust scatter-
ing. In the right panel of Fig. 4.2, the contour image of the Hα+[Nii]
emission is illustrated, superimposed on the infrared image of the
nebula at 70 µm. A three color image of the nebula M1-67 and its
environment is shown in Fig. 4.3.
The infrared images reveal a dust nebula with a non-uniform
brightness. It appears to be clumpy but the clumps are not resolved
in these observations. Although the brightest points of the nebula
1 The SPIRE images are not presented here because they have low resolution so that
the nebula is barely resolved.
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Figure 4.1: PACS images of the nebula M1-67 at 70 µm, 100 µm, and 160 µm,
from left to right. The size of each image is 4’×4’. The scale on
the right corresponds to the surface brightness (arbitrary units)
and is logarithmic to better show the faint emission. North is up
and east is to the left.
appear distributed along an elongated structure, there is no clear
evidence from the infrared images that the nebula is bipolar as it
was suggested by Fernández-Martín et al. (2013 [31]). Moreover, a
fainter structure, with a more spherical shape, seems to surround the
bright nebulosities. It is better detected in the three color infrared im-
age (Fig. 4.3). This faint spherical structure was also observed in the
Spitzer MIPS 24 µm image (Gvaramadze et al. 2010 [48]) discussed in
Fernández-Martín et al. (2013 [31]). The global infrared morphology
of the M1-67 is thus essentially spherical, with an average radius of
about 60 ′′ that corresponds to 1 pc at the adopted distance of 3.35
kpc. The nebula seems to be located inside an empty cavity (Fig. 4.3)
that may have been formed in a previous evolutionary phase of the
central star.
The Hα+[Nii] view of the nebula is very similar to the infrared
one. Its general morphology is the same, but with more details be-
cause optical images have a higher resolution (Fig. 4.2). The dust neb-
ula extends slightly further out the gas nebula. The ionized gas neb-
ula is also clumpy with a very complex structure of filaments. The
contour image of the optical emission superimposed on the 70 µm
image shows that the brightest regions (clumps) of the ionized gas
nebula coincide with the bright regions of the dust nebula. An aver-
age angular radius of ∼ 55 ′′, which corresponds to 0.9 pc at a distance
of 3.35 kpc, can be defined for the ionized gas nebula, in agreement
with the previous measurements of Grosdidier et al. (1998 [45]) who
detected a fainter diffused component of the optical nebula. Solf &
Carsenty (1982 [136]) and Sirianni et al. (1998 [126]) had measured a
smaller radius of about 45 ′′, without detecting the faint component.
The similarity between the optical and the infrared view implies that
the gas is mixed with the dust in the nebula M1-67.
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Figure 4.2: Left:View of the nebula M1-67 in the optical Hα+[Nii] filter. The
continuum image has been subtracted to emphasize the ionized
gas emission. Right: Contour image of the optical Hα+[Nii] emis-
sion from the nebula (green lines) superposed on the PACS in-
frared image of the nebula at 70 µm (shown also in Fig. 4.1 at
the same scale). The size of each image is 4’×4’. North is up and
east is to the left.
4.4 dust continuum emission
By performing aperture photometry on the PACS and SPIRE images,
we derived integrated flux densities for the nebula M1-67. Imaging
data taken from the archive of the IRAS mission (Neugebauer et al.
1984 [99]) were also used to extend the SED to smaller wavelengths.
To all the flux densities derived from the data of these space missions
we applied photometric color correction in order to make the conver-
sion of the monochromatic flux densities, which refer to a constant
energy spectrum, to the true object SED flux densities at the photo-
metric reference wavelengths of each instrument.
For the IRAS data, the flux density ratios were used to derive the
color temperature and then the corresponding correction factor was
chosen to correct the flux densities (Beichman et al. 1988 [4]). The ra-
tio R (12,25) corresponds to a temperature of 140 K, while the ratios
R (25,60) and R (60,100) correspond to a temperature of 100 K. Conse-
quently, we decided to calculate the correction for the flux densities
at 12 µm and 25 µm using both temperatures and then consider the
average of the two corrected flux densities for each wavelength and
accounting the difference between them in the error. The flux densi-
ties at 60 µm and 100 µm were corrected using the correction factors
that correspond to a temperature of 100 K. For the Herschel-PACS data
color correction, we fitted a BB, using also the 25 µm IRAS observation
to have a point before the maximum of the curve needed for the fit-
ting. The color correction factors that correspond to a temperature of
100 K derived from this fit were then used to correct the flux densities
(Müller et al. 2011 [144]). For the Herschel-SPIRE data color correction,
we followed the instructions given in SPIRE Handbook 2.
2 http://herschel.esac.esa.int/Docs /SPIRE/spire_handbook.pdf
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Figure 4.3: Three-color (70 µm in blue, 100 µm in green, and 160 µm in
red) image of the nebula M1-67. The size of the image is 15’×15’.
North is up and east is to the left.
Table 4.1 presents the corrected flux density measurements from
IRAS and Herschel space missions. These data are used to construct
the infrared SED of the nebula M1-67 shown in Fig. 4.4.
To model the dust nebula around WR 124 and calculate the tem-
perature and the mass of the dust we used the 2-Dust code (Ueta
and Meixner 2003 [152]), a publicly available two-dimensional radia-
tive transfer code that can be supplied with complex axisymmetric
density distributions as well as with various dust grain density dis-
tributions and optical properties. The photometric points previously
discussed are used for the dust model.
The first step for the dust modeling is to constrain the nebular
geometry revealed through the optical and the infrared images. As
mentioned in Sect. 4.1, according to previous studies there are two
different scenarios for the nebula M1-67: a) a bipolar morphology
that was suggested by Sirianni et al. (1998 [126]), firstly reported by
Nota et al. (1995 [102]), but that was not confirmed by Grosdidier et al.
(1998 [45], 2001 [47]); and b) a bow shock model that was suggested
by Van der Sluys and Lamers (2003 [158]) after a detailed analysis of
radial velocities, firstly mentioned by Grosdidier et al. (1999 [46]), and
that was confirmed by Cichowolski et al. (2008 [16]) and Marchenko
et al. (2010 [82]).
The bow shock scenario is the most plausible because the nebula
M1-67 surrounds a massive runway star that moves with a velocity
much higher than the velocity of the interstellar medium (Van der
Sluys and Lamers 2003 [158]). Also, the optical and infrared view of
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Spacecraft-Instrument Date λ Fν Error
(µm) (Jy) (Jy)
IRAS α 1983 12 1.4 0.2
25 17.4 0.9
60 48.5 4.4
100 31.6 4.4
Herschel-PACS b 2010 70 54.2 0.5
100 39.1 2.4
160 17.9 3.1
Herschel-SPIRE b 2010 250 6.2 0.6
350 2.2 0.3
500 0.8 0.1
Notes. Data from: (α) IRAS Faint Source Reject Catalog (Moshir
et al. 1992 [97]) b This work
Table 4.1: Color-corrected flux densities of the nebula M1-67.
the nebula does not show clear evidence for a bipolar morphology
(Sect. 4.3). In this case, the standoff distance of the bow shock, ds, is
about 0.65 pc using the parameters given in Marchenko et al. (2010
[82]) and the stellar velocity of 200 km/s determined by Cichowolski
et al. (2008 [16]). This distance is equivalent to 40 ′′ at 3.35 kpc. It
is smaller than the measured radius of the nebula in the infrared,
which is 60 ′′ or 1 pc (Sect. 4.3), so the star is decentered in respect to
the nebula but not much. Consequently, to model the dust, we make
the approximation that the nebula is spherical with rin = 40 ′′ and
rout = 60
′′.
For the parameters of the central star WR 124 we adopted the
distance D = 3.4 kpc, the luminosity logL/L = 5.18, and the temper-
ature Teff = 35 800 K that were estimated by Marchenko et al. (2010
[82]). We considered two populations of dust grains that have same
composition but different sizes, because the infrared SED of M1-67
(Fig. 4.4) is too broad to be reproduced with only one population as
this was the case for the nebula around the LBV AG Car (Vamvatira-
Nakou et al. 2015 [157]). For each of the two populations of dust
grains, we assumed the size distribution of Mathis et al. (1997 [86]):
n(a) ∝ a−3.5 with amin < a < amax, a being the grain radius. By
varying amin (or amax), which controls the 20µm/100µm flux density
ratio and the opacity, which controls the strength of the emission, we
can adjust the model to the data. The fit is done for data points at λ >
20 µm.
The best fit (Fig. 4.4) was achieved using the following popula-
tions of dust grains with the optical constants of olivines with a 50/50
Fe to Mg abundance given by Dorschner et al. (1995 [26]), extrapo-
lated to a constant refraction index in the FUV. The first is a population
of small grains with radii from 0.005 to 0.1 µm, which is responsible
for the emission at λ < 40µm. The second is a population of large
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Figure 4.4: Infrared SED of the nebula M1-67 around the Wolf-Rayet star
WR 124 from data collected at different epochs: color-corrected
photometric measurements from IRAS and Herschel (PACS and
SPIRE) space missions. The best result of the 2-Dust model fit-
ting is illustrated (solid line). It was achieved considering two
populations of dust grains (dashed lines). Data at λ < 20 µm are
not considered in the fit.
grains with radii from 2 to 10 µm, which is responsible for the slope
of the infrared SED at λ > 70µm. Such large grains were also found
in our analysis of the AG Car nebula (Vamvatira-Nakou et al. 2015
[157]).
According to the model results, the total mass of dust is Mdust ∼
0.22 M (0.006 M from the small dust grains and 0.21 M from
the large dust grains). The uncertainty is ∼ 20%. The temperature of
small grains goes from 65 K at rin to 58 K at rout, while the tempera-
tures of large grains goes from 29 K at rin to 26 K at rout. Cichowolski
et al. (2008 [16]) found a dust temperature of 70-100 K mentioning
that they are in agreement with previous bow shocks observations.
There is a difference between these results and our results because
we used two populations of dust grains for the fit.
4.5 emission line spectrum
Fig. 4.5 illustrates the footprint of the PACS spectral field-of-view,
which is composed of 25 (5×5) spaxels, on the image of the M1-67
nebula at 70 µm. Each spaxel corresponds to a different part of the
nebula, and we have a spectrum for each one of them. Nevertheless,
a big part of the nebula is outside of the spectral field-of-view, which
is not large enough to cover the entire nebula.
The integrated spectrum of the nebula over the 25 spaxels is shown
in Fig. 4.6 and Fig. 4.7, recalling that the spectroscopic observational
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Figure 4.5: Footprint of the PACS spectral field-of-view on the image of the
nebula M1-67 at 70 µm. This field is composed of 5×5 spaxels,
each one of them labeled with a number pair. North is up and
east is to the left.
mode provides us only with some preselected areas of the PACS wave-
band and not a complete coverage. The forbidden emission lines that
have been detected are the following: [Oi] λλ 63, 146 µm, [Nii] λλ
122, 205 µm, [Cii] λ 158 µm, [Niii] λ 57 µm, and [Oiii] λ 88 µm. The
presence of the latter lines indicates that the nebula M1-67 is highly
ionized.
4.5.1 Line flux measurements
To measure the emission line intensities in each one of the 25 spectra
we performed a Gaussian fit to the line profiles using the IRAF pack-
age (Tody 1986 [149], 1993 [150]). These measurements are presented
in the Table 4.4 of Sect. 4.8. Not all the lines are detected in each
spaxel. The [Oi] 146 µm line seems to be the most difficult to detect.
On the contrary, the [Nii] 122 µm line, detected everywhere, has the
highest flux among the detected lines in every spaxel.
To increase the S/N ratio, we then measured the flux of the emis-
sion lines that are present on the summed spectrum over the 25 spax-
els (Fig. 4.6 and Fig. 4.7). We note that the [Niii] 57 µm and [Oiii]
88 µm lines are detected only in the summed spectrum. The [Nii]
205 µm line is known to have a problematic calibration in PACS. As
a result, we need to correct its flux before using it in the following
analysis. Using objects from the MESS collaboration (Groenewegen et
al. 2011 [39]) that were observed with both PACS and SPIRE, we calcu-
lated a correction factor. With the help of the SPIRE/PACS cross cali-
bration, we then found that the measured [Nii] 205 µm flux should
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Figure 4.6: Integrated PACS spectra of the nebula M1-67 around the WR 124
star over the 25 spaxels. The detected forbidden emission lines
are: [Niii] 57 µm, [Oi] 63 µm, [Oiii] 88 µm, [Nii] 122 µm.
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Figure 4.7: Integrated PACS spectra of the nebula M1-67 around the WR 124
star over the 25 spaxels. The detected forbidden emission lines
are:[Oi] 146 µm, [Cii] 158 µm and [Nii] 205 µm.
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Ion λ F±∆F
(µm) (10−15 W m−2)
[Niii] 57 0.29 ± 0.10
[Oi] 63 1.34 ± 0.29
[Oiii] 88 0.14 ± 0.04
[Nii] 122 13.05 ± 2.70
[Oi] 146 0.05 ± 0.01
[Cii] 158 2.13 ± 0.44
[Nii] 205 1.89 ± 0.47α
Notes. (α) Corrected value from PACS/
SPIRE cross-calibration
Table 4.2: Line fluxes from the summed spectrum (25 spaxels) of the nebula
M1-67.
be multiplied by a correction factor of 4.2, assuming an error of 25%
for the final corrected [Nii] 205 µm flux. 3
The emission line flux measurements from the summed spectrum
over the 25 spaxels are given in Table 4.2, taking into account the
correction on the [Nii] 205 µm line flux.
In the following spectral analysis, we use only ratios of the line
fluxes from the spectrum summed over the 25 spaxels to determine
nebular properties assuming that they represent the whole nebula.
We do not use the line fluxes themselves because they are only com-
ing from a part of the nebula that corresponds to the area covered by
the 25 spaxels.
4.5.2 Photoionization region characteristics
The following four detected emission lines: [Nii] 122, 205 µm, [Niii]
67 µm, and [Oiii] 88 µm are associated to the photoionization region
(i.e., Hii region) of the M1-67 nebula. The other forbidden emission
lines, detected in the nebular spectrum, originate from a region of
transition between ionized and neutral hydrogen. They may indicate
the presence of a PDR. We analyze and discuss them in the next sub-
section.
3 Although there are also SPIRE observations of the spectrum of the nebula M1-67,
taken in the framework of the MESS program, they cannot be used to have a more
precise flux for the line [Nii] 205 µm. That is due to the combination of the geometry
of the detector array and the geometry of the nebula and due to the fact that the
observing mode was a single pointing and not a raster map, in a way that any
attempt to recover the nebular flux is highly uncertain. As a result, we decided not
to include the SPIRE spectroscopic data in this study.
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4.5.2.1 Hα flux
To estimate the Hα+[Nii] flux from the M1-67 nebula we integrated
the surface brightness over the whole nebula. We then corrected the
contamination by field stars and the background and we extrapolated
the emission from the occulted central part using the mean surface
brightness. We measured the continuum flux from the reflection neb-
ula in the adjacent filter, accounting for the difference in filter trans-
missions. Since WR 124 is a strong emission-line star, the reflected
stellar Hα flux must also be subtracted. The final contamination due
to the reflection nebula was estimated to be 13%, considering the Hα
equivalent widths measured by Hamann et al. (1993 [49]) for WR 124
in 1992 (i.e., accounting for ∼ 3 years of time-delay). We then sub-
tracted the contribution of the strong [Nii] lines using the [Nii] /Hα
ratios from available spectroscopic data and from the transmission
curve of the Hα+[Nii] filter. With the help of the three PN and the
three spectrophotometric standard stars observed in the same filter,
we did the conversion to absolute flux. The conversion factors de-
rived from all these six objects are in excellent internal agreement.
The Hα flux was measured to be F(Hα) = 2.4× 10−11 ergs cm−2 s−1
uncorrected for reddening and with an uncertainty of ∼ 20%. Adopt-
ing E(B−V ) = 0.93 ± 0.10 (Esteban et al. 1991 [30]), we derived F0(Hα)
= (2.0 ± 0.6) × 10−10 ergs cm−2 s−1 for the M1-67 nebula. Within the
uncertainties, this flux is in agreement with the flux measured by
Grosdidier et al. (1998 [45]), i.e., F0(Hα) = 2.3 × 10−10 ergs cm−2 s−1
using the same reddening. The flux density from the reflection neb-
ula is Fλ = 2.9 × 10−14 ergs cm−2 s−1 Å−1 at 6650 Å (the central
wavelength of the continuum filter).
4.5.2.2 Electron density
The [Sii] 6717/6731 ratio is an electron density diagnostic in the op-
tical. Several electron density estimate were made based on this ra-
tio. Solf and Carsenty (1982 [136]) calculated an electron density of
1000± 300 cm−3. Later on, Esteban et al. (1991 [30]) calculated the
electron density at different parts of the nebula (four different slit po-
sitions). Their results for the central parts agree with the value of Solf
and Carsenty (1982 [136]), while at the outer parts the electron den-
sity is about 200 cm−3. The results of Sirianni et al. (1998 [126]), who
presented a detailed electron density distribution versus the distance
from the star, confirmed the previous two studies. Fernández-Martín
et al. (2013 [31]) calculated a density range from ∼ 1500 cm−3, near
the star, to ∼ 650 cm−3 towards the nebular edge, results that are
consistent with their electron density maps and the previous studies.
Grosdidier et al. (1998 [45]) estimated the electron density to be
825 ±115 cm−3 based on the analysis of Hα observations of the neb-
ula and adopting a distance of 4.5 kpc. Cichowolski et al. (2008 [16])
found a value of 630− 360 cm−3 based on radio continuum data at
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3.6 cm and adopting a distance of 5 kpc. Considering the uncertain-
ties, these estimations agree with the previously mentioned ones that
were based on the [Sii] 6717/6731 ratio.
The [Nii] 122/205 µm ratio is a diagnostic for the electron density
of the nebula in the infrared waveband. Using the package nebular of
the IRAF/STSDAS environment (Shaw & Dufour 1995 [125]), assuming
an electron temperature, Te, equal to 7000 K (mean value of the esti-
mation of Barker 1978 [3] and Esteban et al. 1991 [30]), also adopted
by Fernández-Martín et al. (2013 [31]) with an uncertainty of 20% and
constant throughout the nebula, and considering the values given in
Table 4.2, the electron density of the nebula M1-67 was estimated to be
600± 180 cm−3. Given the uncertainties, this estimate of the average
nebular electron density is in agreement with the previous studies.
Furthermore, when a nebula has a spatially inhomogeneous electron
density, the use of different line ratios as density diagnostic lead to
different results because of the difference in critical density between
the lines used for the density calculation (Rubin 1989 [120], Liu et al.
2001 [76]). This has been observed in PN (Liu et al. 2001 [76], Tsamis
et al. 2003 [151]) and in a LBV nebula (Vamvatira-Nakou et al. 2015
[157]).
Our estimate of the electron density based on infrared data will
be used in the following calculations, because the best determination
of the electron density is done when it is similar to the critical density
of the lines used for the calculation (Rubin et al. 1994 [121]). Other-
wise, the further calculation of ionic abundances will not give correct
results (Rubin 1989 [120], Liu et al. 2001 [76]).
4.5.2.3 Ionizing flux
Using the estimated Hα flux, the rate of emission of hydrogen-ionizing
photons, Q0, in photons s−1, and the radius of the Strömgren sphere,
RS, in pc, can be estimated with the help of the following equations
(Vamvatira-Nakou et al. 2013 [156])
Q0(H¸) = 8.59× 1055T (0.126+0.01lnT4)4 D2F0(Hα) , (4.1)
RS = 3.17
(xe

)1/3 ( ne
100
)−2/3
T
(0.272+0.007lnT4)
4
(
Q0
1049
)1/3
, (4.2)
xe = ne/np ' 1+ nHe+/nH+ = 1+ y+, with nH+ = np, nHe+ being
the number densities of the ionized hydrogen and ionized helium
respectively, assuming that the number density of the doubly ion-
ized helium is nHe++ = 0,  is the filling factor, T4 = Te/(104 K), D
is the distance of the nebula in kpc and F0(Hα) is the Hα flux in
ergs cm−2 s−1.
Assuming that  = 0.05, which is also the value used by Gros-
didier et al. (1998 [45]), and using the abundance ratio nHe+/nH+ =
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0.013 from Esteban et al. (1991 [30]) we calculated a rate of emis-
sion of hydrogen-ionizing photons of about 1.8× 1047 photons s−1
and a Strömgren radius of 0.7 pc. For a higher filling factor of 0.15
(Cichowolski et al. 2008 [16]) the Strömgren radius is 1.0 pc. Consid-
ering the uncertainties of the nebular parameters, our estimation for
the Strömgren radius is in agreement with the radio measurements of
1.3 pc of Cichowolski et al. (2008 [16]) given that they used a higher
distance (5 kpc).
The ionized gas nebula extends up to about 0.9 pc from the cen-
tral star (Sect. 4.3). This value is comparable, considering the uncer-
tainties, to the estimated Strömgren radius that is the radius of an
ionization bounded nebula by definition. Consequently, the nebula
M1-67 around the WR 124 may be ionization bounded.
4.5.2.4 Abundance ratio N/O
Using the emission lines [Niii] 57 µm and [Oiii] 88 µm, the N/O
abundance number ratio can be estimated by the equation
N
O
=
〈N++〉
〈O++〉 =
F[Niii]57/ε[Niii]57
F[Oiii]88/ε[Oiii]88
, (4.3)
where F is the flux and ε is the volume emissivity of a given line.
The emissivities were calculated with the package nebular, using the
adopted value for the electron temperature and the previously calcu-
lated electron density. From the measured line fluxes (Table 4.2), the
N/O abundance ratio is 1.0± 0.5, a value that is much higher than the
Solar one of 0.14 (Grevesse et al. 2010 [37]). Given the uncertainties, it
is in agreement with the estimated value of Esteban et al. (1991 [30])
and similar to the values for other nebulae around WR stars (Smith
1997 [132]).
4.5.2.5 Mass of the ionized gas
Based on the Hα emission we can estimate the ionized gas mass. As-
suming a spherical nebula, the ionized mass in solar masses is given
by (Vamvatira-Nakou et al. 2013 [156])
Mi(Hα) = 57.9
1+ 4y+√
1+ y+
T
(0.471+0.015lnT4)
4 
1/2θ3/2D5/2F
1/2
0 (Hα),
(4.4)
where θ is the angular radius of the nebula (R = θD) in arcsec and
y+ = nHe+/nH+ .
Using the previous assumptions for the filling factor and the abun-
dance ratio, we estimated the mass of the ionized gas to be 1.3 ±
0.7 M. For a higher filling factor,  = 0.15, the ionized gas mass
is about 2.3 ± 1.1 M. On average, the mass of the ionized gas is
estimated to be between 0.5 and 3.4 M.
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Previous studies gave various results for the mass of ionized gas
of the nebula that are not always in agreement with each other be-
cause different assumptions are made and different parameters are
used. Cohen and Barlow (1975 [17]) found an ionized mass of 9 M.
Solf and Carsenty (1982 [136]) estimated a mass of about 0.8 M,
which, as they reported, is in agreement with the value of Johnson
(1980 [66]) and Chu and Treffers (1981 [14]). Later on, Grosdidier et
al. (1998 [45]) estimated that the total mass of the ionized shell could
be as low as about 1.33 M. More recently, Cichowolski et al. (2008
[16]) calculated a mass of 5− 9 M, depending on the filling factor
used (0.05− 0.15).
If we consider the geometry of the nebula as described in Sect. 4.4
the shell has an inner radius of θin = 40 ′′ and an outer radius θout =
60 ′′. The mass of the ionized shell nebula is then given by
Mshelli = (θ
3
out − θ
3
in)
1/2θ
−3/2
out M
sphere
i . (4.5)
The mass of the ionized shell nebula is thus Mshelli(Hα) = 0.6− 3.0 M
depending on the filling factor.
4.5.3 Photodissociation region characteristics
The detection of the other three emission lines, [Oi] 63, 146 µm, and
[Cii] 158 µm, may indicate the presence of a PDR in the nebula, be-
cause these fine structure lines are among the most important coolants
in PDRs (Hollenbach & Tielens 1997 [54]). Nevertheless, a possible
shock, resulting from the fast stellar wind that interacts with the slow
expanding remnant formed in a previous stage of the stellar evolu-
tion, could also be the cause of molecules photodissociation and con-
sequently the cause of the observed [Oi] and [Cii] emission. In any
case, the ratio [Oi] 63 µm/[Cii] 158 µm can be used to exclude one of
these two possible scenarios. This ratio is & 10 in shocks (Hollenbach
and McKee 1989 [53], Castro-Carrizo et al. 2001 [12]), which is not
our case since for the nebula M1-67 this ratio is equal to 0.6. Conse-
quently, we can conclude that a PDR is likely responsible for the [Oi]
and [Cii] emission detected in the nebula M1-67.
In the past, PDRs were detected in some nebula that surround LBV
stars. Firstly, Umana et al. (2009 [153]) discovered a PDR in the nebula
around the LBV HR Car. Later on, Umana et al. (2010 [154]) observed a
PDR in the nebula associated with the LBV candidate HD 168625. The
analysis of Herschel data revealed the presence of a PDR in the nebula
around the LBV WRAY 15-751 (Vamvatira-Nakou et al. 2013 [156]) and
around the LBV AG Car (Vamvatira-Nakou et al. 2015 [157]).
It should be stressed here that the data were checked for possible
background contamination and that there is no contribution from the
background to none of the observed emission lines. The measured
line fluxes come entirely from the nebula M1-67.
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Figure 4.8: Temperature-density PDR diagnostic diagram. The grid of flux
ratios F[Oi]63/F[Oi]146 versus F[Oi]63/FPDR[Cii]158 was calculated by
solving the level population equations for a range of tempera-
tures and densities. F[Oi]63/FPDR[Cii]158 is normalized to the solar
abundance (C/O) = 0.5 so that [C/O] ≡ log(C/O) - log(C/O).
The solid line corresponds to the pressure equilibrium between
the Hii region and the PDR, the two dotted lines on each side ac-
counting for the errors. The horizontal dotted lines correspond
to the observational log(F[Oi]63/F[Oi]146) ratio with its error.
The C/O abundance ratio can be estimated based on the PDR line
fluxes and following the method described in Vamvatira-Nakou et
al. (2013 [156]) that was used to disentangle the contribution of the
PDR and the Hii region to the flux of [Cii] 158 µm. In the ionized gas
region, the ratio of fractional ionization is given, as previously (see
Eq. 4.3) by
〈C+〉
〈N+〉 =
FHii[Cii]158/ε[Cii]158
F[Nii]122/ε[Nii]122
, (4.6)
where we define FHii[Cii]158 = αF[Cii]158, with F[Cii]158 being the total
flux of the [Cii] 158 µm line from Table 4.2 and α a factor to be
determined. Assuming that 〈C+〉/〈N+〉 = C/N and calculating the
emissivities using the package nebular, we end up with the following
equation
FHii[Cii]158
F[Nii]122
= (0.34± 0.02) C
N
. (4.7)
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Since N/O has been estimated to be ∼ 1, we have
logα = log
C
O
+ 0.32 , (4.8)
using the observed ratio F[Cii]158/F[Nii]122 = 0.163± 0.048.
The theoretical F[Oi]63/F[Oi]146 ratio against the F[Oi]63/FPDR[Cii]158
ratio normalized to the solar (C/O) = 0.5 abundance ratio is plotted
in Fig. 4.8 so as to derive the C/O abundance ratio, as well as the
temperature, TPDR, and the density, nH0 , of the PDR (for details see
Vamvatira-Nakou et al. 2013 [156]). Assuming that there is pressure
equilibrium between the ionized gas region and the PDR, we have the
following relation (Tielens 2005 [146])
nH0kTPDR ' 2nekTe = (8.4± 3.0)× 106 cm−3K , (4.9)
that is used to define a locus of possible values in the diagram of
Fig. 4.8.
From Fig. 4.8 we derive log(F[Oi]63/ FPDR[Cii]158) + [C/O] = 1.1,
where by definition [C/O] ≡ log(C/O) - log(C/O), using the con-
straints from Eq. 4.9 and the observed ratio F[Oi]63/F[Oi]146 = 26.8±
7.9. Finally, using also Eq. 4.8, we calculate α = 0.95 ± 0.03 and
C/O = 0.46 ± 0.27, which is a solar abundance considering the er-
rors. From the calculated C/O and N/O abundance ratios and con-
sidering the N/H abundance ratio of Esteban et al. (1991 [30]), the
C/H abundance ratio is then (1.3 ± 0.9) × 10−4. The contribution
of the Hii region to the [Cii] 158 µm line flux is then FHii[Cii]158 =
(2.02 ± 0.42) × 10−15 W m−2 while the contribution of the PDR is
FPDR[Cii]158 = (0.11 ± 0.07) × 10−15 W m−2, reminding that these are
the fluxes of the integration on the 25 spaxels and not the fluxes of
the whole nebula.
The values of the density and the temperature of the PDR of the
nebula are also provided by the diagram in Fig. 4.8. Using the ob-
served F[Oi]63/F[Oi]146 ratio we find lognH0 = 4.43± 0.33 and TPDR '
470± 330 K.
The total mass of hydrogen in the part of the PDR that corresponds
to the 25 spaxels, MH, can be estimated from the [Cii] 158 µm line
flux derived for the PDR (Tielens 2005 [146]), using the equation given
in Vamvatira-Nakou et al. (2013 [156]). For the above PDR density, tem-
perature, distance and C/H abundance, the neutral hydrogen mass is
estimated to be MH = 0.05± 0.02 M, which is a low limit.
4.6 discussion
In Table 4.3 the parameters of WR 124 and its nebula M1-67 are sum-
marized. The stellar luminosity, effective temperature and distance
are from the study of Marchenko et al. (2010 [82]). For the shell neb-
ula that surrounds the star, the radii, the expansion velocity, the kine-
matic age, the electron density of the ionized gas, the adopted value
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Star log L/L 5.18 ± 0.2
Teff (K) 35800 ± 2000
D (kpc) 3.35 ± 0.67
Shell rin (pc) 0.65
rout (pc) 1.00
vexp (km s−1) 50 - 150
tkin (103yr) 2.3 - 7.0
ne (cm−3) 600 ± 180
Te (K) 7000 ± 1400
N/O 1.0 ± 0.5
C/O 0.46 ± 0.27
Mdust (M) 0.22 ± 0.04
Mion.gas (M) 0.5 - 3.0
Table 4.3: Parameters of WR 124 and its nebula M1-67.
of the electron temperature, the measured abundances and masses of
dust and gas are given.
Concerning the expansion velocity of the nebula, Sirianni et al.
(1998 [126]) discovered a bipolar outflow with an expansion velocity
of 88 km s−1, apart from a spherical shell that expands with a veloc-
ity of 46 km s−1. Van der Sluys and Lamers (2003 [158]) found an
expansion velocity of 150 km s−1 for the structure of the nebula that
expands freely and it is not located on the surface of the bow shock.
Consequently, considering an expansion velocity that can be be-
tween 50 and 150 km s−1, the kinematic age, tkin, of the nebula M1-67
can be estimated. Since the nebula extends up to 1 pc from its central
star, its kinematic age is tkin = r/vexp = (6.5× 103) - (2.0× 104) years.
The temporal difference between the inner and the outer radius of the
nebula is (2.3 - 7.0)× 104 years.
The Herschel infrared images of M1-67 show a dusty clumpy shell
nebula that has a radius of about 1 pc. The Hα+[Nii] view of the
nebula is very similar to the infrared view. The ionized gas nebula is
clumpy and appears to be slightly smaller. The bright regions coin-
cide in the optical and the infrared images. The nebula of ionized gas
and dust is surrounded by a thin region of neutral gas (PDR), accord-
ing to the Herschel spectra analysis. The nebula seems to lie in a cavity
that may be the result of a mass-loss event in a previous evolutionary
stage of the central star, i.e. a wind-blown bubble from the O-type
progenitor (Marston 1996 [84]). Cavities have also been observed by
Herschel around LBV stars (WRAY 15-751: Vamvatira-Nakou et al. 2013
[156], AG Car : Vamvatira-Nakou et al. 2015 [157]).
The abundance ratios calculations show that the nebula is com-
posed of processed material. The N/O ratio, calculated in this study,
is the same as the ratio measured in the nebula around the LBV WRAY
15-751 (Vamvatira-Nakou et al. 2013 [156]) and similar to the ratio of
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Figure 4.9: Evolution of the N/O versus the C/O surface abundance ratios
for a 60 M star of solar metallicity and for initial rotation rates
v/vcrit from 0 to 0.4, using the models of Ekström et al. (2012
[29]). The dashed lines correspond to the values measured for the
nebula M1-67, with their errors. The thicker lines emphasize the
part of the tracks compatible with the measurements. For clarity,
the tracks are stopped during the He burning phase (data point
no 195 in Ekström et al. 2012 [29]).
the nebula around the LMC LBV R127 (Smith et al. 1998 [133]). In re-
spect to the solar N/O abundance ratio (Ekström et al. 2012 [29]), it
is enhanced by a factor of 8. The 12+log(N/H) abundance of 8.45 (Es-
teban et al. 1991 [30]) is enhanced by a factor of about 4.5 in respect
to the solar abundance. These abundance ratios are typical for LBV
and WR nebulae (Smith 1997 [130]) that are known to be composed
by processed material. The calculated C/O abundance ratio is essen-
tially solar, despite its high uncertainty.
Apart from the study of Van der Sluys and Lamers (2003 [158]),
other studies in the past, which are mentioned in Sect. 4.1 also con-
cluded that the progenitor of WR 124, from which the nebula M1-67
was ejected, was a LBV star and not a RSG, even if some are based in a
bipolar model. Sirianni et al. (1998 [126]) explained the two different
motions found around WR 124 as two outbursts from a LBV. Grosdi-
dier et al. (1998 [45]) concluded that this nebula is an ejection nebula
resulting from a LBV phase wind. Fernández-Martín et al. (2013 [31]),
to explain their findings, proposed that this nebula was ejected dur-
ing a LBV phase of the central star with an initial mass between 60
and 80 M.
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Figure 4.10: Evolution of the N/O surface abundance ratio as a function of
the mass-loss rate for a 60 M star of solar metallicity and for
initial rotation rates Ω/Ωcrit from 0 to 0.4, using the models
of Ekström et al. (2012 [29]). The dashed lines correspond to
the calculated value of N/O for the nebula M1-67, with its er-
rors, and the lower limit for the mass-loss rate. The thicker lines
emphasize the part of the tracks compatible with the measure-
ments. For clarity, the tracks are stopped during the He burning
phase (data point no 195 in Ekström et al. 2012 [29]).
The results of our observations analysis can be used to constrain
the evolutionary phase of the central star at which the nebula was
ejected with the help of the evolutionary models of Ekström et al.
(2012 [29]). Even though it should be mentioned that the models
of the massive stars evolution are very uncertain at the post-main-
sequence evolutionary phases because they do not include any erup-
tive event, so that the mass-loss rate recipes are not well known
(Smith 2014 [134]).
Since our integrated spectra cover only the area of the nebula that
corresponds to the 25 spaxels (Fig. 4.5), we cannot estimate the total
mass of the neutral gas based on the [Cii] 158 µm line flux, neither
the total gas mass and the corresponding mass-loss rate during the
ejection without making assumptions. A typical value for the dust
to gas ratio is 100 in such stellar environments. With this assump-
tion, the total nebular mass is about 22 M, using the calculated dust
mass. But if this ratio is lower, as in the case of the LBV WRAY 15-
751 (Vamvatira-Nakou et al. 2013 [156]) were it was calculated to be
40, then we can adopt an average value for the dust to gas ratio and
estimate the total mass of the nebula M1-67 to be ∼ 15 M, with an
uncertainty of about 40%.
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Figure 4.11: Evolutionary path in the HR diagram of a 60 M star of solar
metallicity and for initial rotation rates Ω/Ωcrit from 0 to 0.4,
using the models of Ekström et al. (2012 [29]). The thicker lines
emphasize the part of the tracks compatible with the N/O and
C/O abundance ratios and the mass-loss rate for the nebula M1-
67. For clarity, the tracks are stopped during the He burning
phase (data point no 195 in Ekström et al. 2012 [29]).
We can consider a lower limit of the total mass-loss rate using the
sum of the dust mass and the ionized gas mass. Since the latter varies
with respect to the filling factor used for its calculation (Sect. 4.5), we
consider the lower value (see Table 4.3). The lower limit of the mass-
loss rate at the time of the nebular ejection is then calculated to be
log M˙ = −4.0, where M˙ is in M yr−1, considering the higher value
of the previously estimated temporal difference between the inner
and the outer radius of the nebula, which corresponds to the lower
expansion velocity.
This limit of the mass-loss rate along with the calculated nebular
abundance ratios of N/O and C/O that are assumed to be the surface
abundance ratios at the time of the nebular ejection were compared to
the theoretical evolution of these parameters according to the models
of Ekström et al. (2012 [29]). The stellar initial mass was chosen from
the known stellar luminosity of WR 124. Models with rotation rates
Ω/Ωcrit = 0.0− 0.4 and solar metallicities were considered. The evolu-
tion of the C/O abundance ratio versus the N/O abundance ratio for
a star of initial mass 60 M is illustrated in Fig. 4.9. The calculated
values for these two parameters with their errors are plotted with
dashed lines, while the part of these tracks that is compatible with
our results is emphasized with thicker lines. In Fig. 4.10 the evolu-
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tion of the mass-loss rate versus the N/O abundance ratio is plotted.
The constraints from these two diagrams are then reported to the HR
diagram for a star of 60 M to identify at which stage of the stellar
evolution correspond our measurements (Fig. 4.11).
The results of our data analysis are compatible with the evolution-
ary tracks of the models of Ekström et al. (2012 [29]) for a star with
an initial mass of 60 M, solar metallicity and low rotational velocity.
For a star of 65 M only the track with no rotation is compatible. For
stellar masses < 60 and = 70 no tracks that satisfy the constrains from
our calculations are found.
According to the current evolutionary models, a star with initial
mass of 60− 70 M evolves towards a WR by passing only through
a LBV phase, there is no RSG phase for this star (Maeder & Meynet
2010 [79]; Meynet et al. 2011 [92]). Based on the study of Groh et al.
(2014 [44]) that presents a detailed analysis of the evolution of a non-
rotating star with initial mass of 60 M, we can conclude that the
nebula M1-67 was ejected from WR 124 during a LBV evolutionary
phase.
Large dust grains are necessary in the dust model to reproduce
the infrared SED. Large grains were also found in the dust nebula
around the LBV WRAY 15-751 (Vamvatira-Nakou et al. 2013 [156]),
the LBV AG Car (Vamvatira-Nakou et al. 2015 [157]) and the yellow
hypergiant Hen 3-1379, which is a possible pre-LBV (Hutsemékers et
al. 2013 [62]). Kochanek (2011 [69], 2014 [70]) showed in his models
that during a LBV eruption, large dust grains can be produced.
4.7 conclusions
The Herschel photometric and spectroscopic data analysis of the neb-
ula M1-67 around the Wolf-Rayet star WR 124 have been presented,
together with optical imaging data. The images show a clumpy dusty
nebula that coincides with the gas nebula, which has a very complex
structure but a global spherical morphology. The dust and the gas
are mixed together and they are surrounded by a thin photodissoci-
ation region that was revealed from the infrared spectroscopic data
analysis.
The dust nebula model was performed using a two-dimensional
radiative transfer code. Two populations of dust grains with different
grain size but with the same composition, olivines with 50/50 Fe
to Mg abundance, were needed to reproduce the infrared SED. The
presence of large grains is necessary for this model. Large grains were
also found in circumstellar environments of other evolved massive
stars.
The analysis of the emission line infrared spectrum points towards
a nebula composed of enriched material, which is a common feature
in the nebulae of WR and LBV that show the CNO-cycle imprints.
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The calculated mass-loss rate and the abundance ratios were used
to constrain the evolutionary stage of the star when the nebular ejec-
tion took place, with the help of theoretical stellar evolution models.
The results of this study suggest that the ejection of the material that
forms the nebula M1-67 around the Wolf-Rayet star WR 124 occured
during a LBV phase of the star with intital mass of 60 M and little
rotation.
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4.8 appendix a : emission line fluxes for each spaxel
In Table 4.4, the results of the emission line flux measurements for
each spaxel are given. The first column contains the detected ions
along with its wavelenght. The following columns contain the line
fluxes, expressed in W/m2, along with their errors. In every cell of
the table, the spaxel numbers are mentioned (Fig. 4.5). The quoted
uncertainties are the sum of the line-fitting uncertainty plus the un-
certainty due to the position of the continuum.
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Ion λ F±∆F F±∆F F±∆F F±∆F F±∆F
(µm) (10−15 (10−15 (10−15 (10−15 (10−15
W m−2) W m−2) W m−2) W m−2) W m−2)
spaxel 4,4 spaxel 4,3 spaxel 4,2 spaxel 4,1 spaxel 4,0
[Oi] 63 - 0.047 ± 0.008 0.067 ± 0.008 - -
[Nii] 122 0.470 ± 0.026 0.551 ± 0.031 0.420 ± 0.025 0.124 ± 0.010 0.170 ± 0.012
[Oi] 146 - - - - -
[Cii] 158 0.068 ± 0.005 0.094 ± 0.006 0.066 ± 0.006 0.020 ± 0.003 0.028 ± 0.003
[Nii] 205 0.010 ± 0.002 0.020 ± 0.003 0.020 ± 0.003 0.005 ± 0.002 -
spaxel 3,4 spaxel 3,3 spaxel 3,2 spaxel 3,1 spaxel 3,0
[Oi] 63 - 0.160 ± 0.016 0.070 ± 0.009 - 0.010 ± 0.007
[Nii] 122 0.599 ± 0.032 0.764 ± 0.040 0.451 ± 0.025 0.195 ± 0.011 0.297 ± 0.018
[Oi] 146 - 0.004 ± 0.001 - - -
[Cii] 158 0.105 ± 0.008 0.128 ± 0.008 0.081 ± 0.006 0.037 ± 0.003 0.050 ± 0.004
[Nii] 205 0.019 ± 0.003 0.025 ± 0.003 0.018 ± 0.002 0.006 ± 0.001 0.012 ± 0.003
spaxel 2,4 spaxel 2,3 spaxel 2,2 spaxel 2,1 spaxel 2,0
[Oi] 63 0.063 ± 0.010 0.089 ± 0.008 0.148 ± 0.011 0.012 ± 0.005 0.008 ± 0.005
[Nii] 122 0.710 ± 0.038 0.769 ± 0.040 0.624 ± 0.033 0.315 ± 0.018 0.316 ± 0.018
[Oi] 146 0.004 ± 0.001 - 0.007 ± 0.001 - -
[Cii] 158 0.115 ± 0.007 0.139 ± 0.009 0.110 ± 0.008 0.062 ± 0.005 0.062 ± 0.005
[Nii] 205 0.024 ± 0.003 0.031 ± 0.004 0.026 ± 0.003 0.018 ± 0.002 0.019 ± 0.003
spaxel 1,4 spaxel 1,3 spaxel 1,2 spaxel 1,1 spaxel 1,0
[Oi] 63 0.031 ± 0.010 0.048 ± 0.007 0.076 ± 0.009 0.084 ± 0.010 0.052 ± 0.007
[Nii] 122 0.547 ± 0.031 0.613 ± 0.034 0.740 ± 0.040 0.642 ± 0.035 0.745 ± 0.040
[Oi] 146 - - 0.004 ± 0.002 0.005 ± 0.002 0.003 ± 0.001
[Cii] 158 0.084 ± 0.006 0.104 ± 0.007 0.118 ± 0.008 0.091 ± 0.006 0.112 ± 0.007
[Nii] 205 0.021 ± 0.004 0.023 ± 0.003 0.029 ± 0.003 0.023 ± 0.003 0.020 ± 0.002
spaxel 0,4 spaxel 0,3 spaxel 0,2 spaxel 0,1 spaxel 0,0
[Oi] 63 - - 0.075 ± 0.008 0.180 ± 0.015 0.063 ± 0.014
[Nii] 122 0.279 ± 0.018 0.394 ± 0.023 0.751 ± 0.041 0.848 ± 0.045 0.719 ± 0.038
[Oi] 146 - - - 0.006 ± 0.001 0.006 ± 0.001
[Cii] 158 0.042 ± 0.004 0.069 ± 0.004 0.122 ± 0.009 0.139 ± 0.008 0.104 ± 0.007
[Nii] 205 - 0.019 ± 0.003 0.016 ± 0.002 0.021 ± 0.002 0.018 ± 0.003
Table 4.4: Line fluxes in each spaxel. A dash indicates a poor S/N or a non-
detection. The spatial configuration corresponds to the footprint
of the PACS spectral field-of-view as it is displayed in Fig. 4.5.
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C O N C L U S I O N S
In this thesis, the studies of the nebulae ejected by three massive
evolved stars have been presented. These are the LBV stars WRAY
15-751 and AG Car and the Wolf-Rayet star WR 124. All the studies
were based on new high-resolution infrared photometric and spec-
troscopic data taken by the Herschel Space Observatory. They contain
calculations of the dust and the gas parameters in the nebulae aim-
ing to shed light on the mass-loss history of the central stars. Their
main results are summarized in this chapter, along with a discussion
on important common aspects that have been found. Finally, future
work and perspectives are briefly mentioned.
The infrared images and spectra of the circumstellar environment
of the LBV WRAY 15-751, along with images in the optical, revealed
a dust shell nebula, of radius 0.5 pc and width 0.35 pc, that extends
outside the Hα nebula and the presence of a thin photodissociation
region that surrounds the ionized gas region. Both regions are mixed
with dust. Apart from this well known inner nebula, a second fainter
and bigger dusty nebula, of radius 2 pc, was observed in the infrared
Herschel images for the first time. The presence of multiple shells
points to a series of episodes of extreme mass-loss. Both nebulae are
lying in an empty cavity. The dust modeling of the inner nebula re-
quired Fe-rich dust to reproduce the data. Modeling of observations
at different epochs showed that the infrared emission remained stable
during the S Dor cycle of the central star pointing at stellar variations
under constant luminosity. Each one of the nebulae contains about
0.05 M of dust. The calculated abundance ratios show N enrich-
ment and C, O depletion indicating mild N/O enrichment. In total
the estimated mass ejected from the star amounts to 4± 2 M. Our
measurements were used to constrain the time of the nebular ejec-
tion, considering available evolutionary models. The results suggest
an ejection during the RSG evolutionary stage of a ∼ 40M star with
little rotation.
The infrared and optical images of the nebula around the LBV AG
Car show a clumpy dusty ring nebula extending up to 1.2 pc with an
inner radius of 0.4 pc. It coincides with the Hα nebula but extends
further out. The nebula seems to lie in an empty cavity. The dust
modeling indicates the presence of a population of small and large
133
134 conclusions
dust grains. The dust mass is about 0.2 M. The spectroscopic analy-
sis showed that there is neutral gas in a photodissociation region that
surrounds the ionized gas region. Gas and dust are mixed together.
The calculated abundance ratios point towards enrichment by pro-
cessed material. Assuming a dust-to-gas ratio typical of LBV, the total
mass ejected from the central star is ∼ 15M. The evolutionary stage
of the star at the time of the nebular ejection was constrained with the
help of the abundance ratios and the mass-loss rate using available
evolutionary models. The conclusion is that this nebula was ejected
during the cool LBV phase of a star of ∼ 55M with little rotation.
The infrared images of the nebula M1-67 around the Wolf-Rayet
star WR 124 revealed a clumpy dusty nebula that extends up to 1 pc.
The comparison with the optical images shows that it coincides with
the ionized gas nebula that has a global spherical morphology. Again
the nebula is lying in an empty cavity. A thin photodissociation re-
gion surrounds the ionized gas region, as revealed from the infrared
spectroscopic analysis. The dust nebula model indicated the presence
of large dust grains also in this case. The nebula contains about 0.22
M of dust. The calculated abundance ratios points once more to-
wards a nebula composed of enriched material. The total ejected mass
that forms the nebula is about 15 M, assuming a typical dust-to-gas
mass ratio. The measurements used as constraints for the ejection
time along with evolutionary models point to an ejection during a
LBV phase of a star with initial mass of 60 M and little rotation.
Overall the infrared Herschel imaging data allowed us to map the
detailed structure of the nebulae around these massive evolved stars
at the peak wavelengths at which the dust radiates. The photometry
complemented the infrared SED of these objects to far-infrared wave-
lengths (λ > 300 µm) allowing us to study the coldest dust. The in-
frared Herschel spectroscopic data allowed us to study the gas in these
circumstellar environments and calculate abundance ratios. In partic-
ular the C/O abundance ratio was calculated for the first time. The
derived abundances allowed us to constrain the evolutionary path of
the central star at the time of the nebula ejection.
The infrared Herschel images allowed us to search for multiple
shells around the stars. Indeed, around the well known shell nebula
around the LBV WRAY 15-751, a second bigger and fainter dusty shell
was discovered. A well known example of multiple shells around a
massive evolved star is the case of the LBV G79.29+0.46 after the study
by Jiménez-Esteban et al. (2010 [65]) based on near-infrared and mil-
limeter data. The presence of multiple shells indicates that the mass-
loss from the central star occured in a series of episodes of extreme
mass-loss rather that from a continuous stellar wind. Consequently,
the detection or not of such multiplicity can help to understand the
mass-loss mechanism at the origin of the nebulae.
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The infrared Herschel images revealed that all the three nebula are
lying in empty cavities that may have been formed during a previ-
ous evolutionary phase of their central star. If they are associated to
the star, these cavities may correspond to a previous mass-loss event
when the wind of the O-type progenitor formed a circumstellar bub-
ble, like in the case of large WR nebulae observed by Marston (1996
[84]). To confirm this hypothesis, velocity mapping of the surround-
ing interstellar gas would be needed to verify that the cavity is due to
the star and it is not a foreground/background structure. This would
further help constrain the O star evolutionary phase.
In all the three nebulae, the spectroscopic analysis revealed the
presence of neutral gas in a photodissociation region that surrounds
the ionized gas region. This is in agreement with the calculations
of the Strömgren radius based on the Hα and the radio flux, when
available, that indicate ionization bounded nebulae. The central star
of each nebulae does not ionize all the gas so that around the ionized
region there is a transition region of neutral gas.
The dust models of the nebulae performed using a two - dimen-
sional radiative transfer code indicate that large grains are necessary
to reproduce the infrared SEDs. This is due to the fact that the SED is
too wide to be reproduced with a single population of grains. This is
also the case for the dust nebula around the yellow hypergiant Hen 3-
1379 (Hutsemékers et al. 2013 [62]). Large grains (a > 5 µm) have also
been detected in supernovae remnants (Gall et al. 2014 [34]). In the
case of LBV stars, the dust production can only happen during large
eruptions when the formation of a pseudo-photosphere with suffi-
ciently low temperature takes place. Otherwise, the stellar tempera-
ture is most often too high for dust formation to happen. Kochanek
(2011 [69], 2014 [70]) showed that large grains can be produced dur-
ing LBV eruptions when the conditions of low pseudo-photosphere
temperature and high mass-loss rate are encountered.
Concerning the epoch of the nebular ejection, this study showed
that for the LBV WRAY 15-751, with an initial mass of 40 M, the
ejection took place during a RSG phase, while for the LBV AG Car,
with an initial stellar mass of 55 M, the ejection happened during
a LBV phase. For the nebula M1-67 around the star WR 124 with an
initial mass of 60 M, the ejection also took place during a LBV phase.
In particular we rule out ejection during a BSG phase. These results
are in agreement with current evolutionary scenarios in which the
more massive LBVs did not have a RSG stage. Consequently, our study
shows that nebular ejection can take place at different evolutionary
stages of the central star depending on its initial stellar mass.
The results of the analysis for all the three nebulae points to an
ejection from a central star with little rotation. Models with high rota-
tion are not compatible with the calculated abundances and mass-loss
rates. The rotation is a very important parameter that influences the
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evolution of massive stars (Meynet and Maeder 2003 [91]) through the
mixing of the chemical elements. Our results suggest that the ejection
of the nebula does not occur because the star is rotating close to the
critical velocity, as proposed by Meynet et al. (2011 [92]).
Obviously a detailed analysis of the other objects of the target
list presented in the introduction, following similar methods as pre-
sented in this thesis, should be carried out. As this is a small but rep-
resentative sample of nebulae around LBV and WR stars with various
morphologies and stellar parameters, the comparison of the results
should allow us to better understand what is the dependence of the
mass-loss history as a function of the stellar parameters and how this
influences the observed structure of the nebulae. In particular, is the
existence of multiple shells or a single one related to the ejection of
the nebula during a RSG or a cool LBV phase, or not?
Part III
A P P E N D I X

A
A P P E N D I X
a.1 hα emission
The integrated luminosity over the volume V of the nebula in the Hα
recombination line is given by (Osterbrock & Ferland 2006 [107])
L(Hα) =
∫
V
4pijHαdV , (A.1)
where  is the filling factor that gives the fraction of the volume of
the nebula filled by ionized gas. The flux received by the observer is
F0(Hα) =
L(Hα)
4piD2
, (A.2)
where D is the distance to the nebula. By integrating over the volume,
assuming a spherical uniform nebula of radius R and considering the
previously given expression for the effective recombination coefficient
the flux received by the observed is rewrited as
F0(Hα) =
(
R3
3D2
)
hνHanenpα
eff
Ha . (A.3)
The mass of the ionized nebula, Mi , is given by
Mi = (4pi/3)R
3µ+npmH , (A.4)
with mH being the H atomic mass and µ+ the mean ionic mass per
H ion. By replacing ne in the Eq. A.3 with ne = xenp and combining
it with Eq. A.4, the ionized mass can be written as
Mi(Hα) =
4piµ+mH√
3hνHaxeα
eff
Ha
1/2θ3/2D5/2F
1/2
0 (Hα) , (A.5)
where θ is the angular radius of the nebula (R = θD) in Hα. By
replacing the effective recombination coefficient from Eq. 1.8, the ion-
ized mass of the nebula in solar masses is finally given by
Mi(Hα) = 57.9
1+ 4y+√
1+ y+
T
(0.471+0.015lnT4)
4 
1/2θ3/2D5/2F
1/2
0 (Hα), (A.6)
where θ is in arcsec, D is in kpc and F0(Hα) is in ergs cm−2 s−1.
With nH+ = np, nHe+ and nHe++ the ionized hydrogen, ionized he-
lium and doubly ionized helium number densities, respectively, xe =
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ne/np ' 1+nHe+/nH+ = 1+y+ and µ+ ' 1+ 4nHe+/nH+ = 1+ 4y+
assuming nHe++ = 0 and denoting y+ = nHe+/nH+ .
The number of hydrogen ionizing photons per unit time, Q(H0)
that is emitted by a nebula in equilibrium is given by (Osterbrock and
Ferland 2006 [107])
Q(H0) = nenpαBV , (A.7)
where αB is the recombination coefficient given by the following
equation (Draine 2011 [27]),
αB = 2.54× 10−13T (−0.8163−0.0208lnT4)4 cm3s−1 . (A.8)
By combining the two previous equations, the radius, RS that is the
radius of the Strömgren sphere is given by
RS = 3.17
(xe

)1/3 ( ne
100
)−2/3
T
(0.272+0.007lnT4)
4
(
Q(H0)
1049
)1/3
(A.9)
in units of pc. The combination of this equation with the Eq. A.3,
using R = RS (ionization bounded nebula), gives the rate of emission
of hydrogen-ionizing photons for a given Hα flux, in photons per
second
Q0(Hα) = 8.59× 1055T (0.126+0.01lnT4)4 D2F0(Hα) . (A.10)
Since optical Hα observations are available for all the nebulae, the
ionized gas mass, the number of hydrogen ionizing photons per unit
time and the Strömgren radius are calculated for each one of them,
using Eq. A.6, A.10 and A.9 respectively.
a.2 radio emission
The Plank law in the radio frequency region (hν kT ) can be written
as
Bν =
2ν2kT
c2
, (A.11)
where Bν = jν/κν, with jν and κν being the emission and absorption
coefficients at a given frequency ν, respectively.
The radio flux density at a distance D from the nebula is
Sν =
Lν
4piD2
, (A.12)
with Lν =
∫
V 4pijνdV . Assuming that the nebula is an optically thin
sphere of radius R, the radio flux density can then be written as
Sν =
(
4piR3
3D2
)
Bνκν . (A.13)
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Figure A.1: Same as Fig. 4.4 but the infrared SED of the nebula M1-67 is
fitted by the sum of two modified BB curves.
The continuum free-free effective absorption coefficient at radio fre-
quencies is given by (Osterbrock and Ferland 2006 [107])
κν = 8.24× 10−2T−1.35e ν−2.1n+ne , (A.14)
where the temperature Te is in K and the frequency ν is in GHz and
the ion density is equal to n+ = nH+ +nHe+ = ne.
Considering the Eq. A.4, the ionized mass in solar masses can be
expressed as
Mi(radio) = 5.82× 10−5
1+ 4y+
1+ y+
T0.1754
( ν
4.9
)0.05
1/2θ3/2D5/2S
1/2
ν ,
(A.15)
where ν is the radio frequency in GHz, θ is the angular radius of the
ionized nebula in arcsec, D is the distance to the nebula in kpc and
Sν is the radio flux density in mJy.
By combining Eq. A.9 and A.13, the rate of emission of hydrogen-
ionizing photons, for a given radio flux density is then expressed as
Q0(radio) = 8.72×1043T (−0.466−0.0208lnT4)4
( ν
4.9
)0.1
x−1e D
2Sν . (A.16)
For the nebulae with radio observations available in the literature,
the ionized gas mass and the number of hydrogen-ionizing photons
can be calculated using Eq. A.15 and A.16 and compared to the results
derived from the Hα emission analysis.
a.3 black body fit on the sed of the nebula m1-67
For the nebula M1-67, a simpler model can also be used to reproduce
the infrared SED and that is the sum of two modified BB curves Fν ∝
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Bν(Td)ν
β, given that the SED is considerably broad and cannot be
reproduced with only one dust grain population. This fit is illustrated
in Fig. A.1 and gives Tdust,1 = 61 K for the first dust grain population
and Tdust,2 = 26 K for the second one, results that are in agreement
with the results of the 2-dust fit (Sect. 4.4).
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